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�dLON�`8gyPkz}U�KMY\hkN ����Uq[nv8UXSoNTI�{~�yKwLONcSZ`8R�U�`iKjUXWsIa`¡zDNi�oY\`8K�U�WZI
® QYAx¥ Egf%¥ih � j��Xj&G��PL A h � ¥ih L A h G A ? � ² � �LcG�� � QYA � � �LcG A � �L�� �A f � 
 �G A 
 ���� ®°¯k�X±T¸V²

¥ fC 
 E Gkn � L���Gkn ¥ E �Xn � L���n G � A fC E LNn � LNn��XG �
��WsgyP\`8R�UXIOvQKwL~U�[ÁNi�VYa`8KjUXWZI��ÂWsR�KMLON�`8gyPkz}U�KMY\hkN��%bdUXKwLBKMLON^]|WZRwRMNi[jP\WsIahVUXIOvxWsIONc�ÂWsRÁKwLONhkWsYf{kzXN|loNTef]rL\`8IOvZN�gyW~hkN|z �����c®J·~��± Ì ²nbDN�IOWZKwN�KML\`8K¼KwLON�`8{\WiSoN�Ni�oY\`8K�UXWsI�UXI\]_zXY\hkN¡[)K�bdW`shOhoU�K�UXWsI\`TzÊKwNTRMgQ[n®J[�Ni]|WZI\h<`iI\h<KMLkUXRrh�z¶UXIONÁU�I6KwLONÁRwL\[n²ÊW8�'���\�n®J¯~��±T¸o²�]|Wsg^UXIOv��ÂRMWsg � � ��dLONxNTeoU�[�KwNTIa]|NQW8�¼KwLfWo[jNp`ZhOhVUXKjUXWsIa`¡zcRMNi[w]T`iKwKMNTRjUXIOv�KwNTRMgQ[�UXItKwLfN@SZ`iRjUq`8K�U�WZI\`¡z Ni�VYa`8KjUXWZIW8�ª`8gyPkz}U�KMY\hkN
� � h~W�IOWZK^`¡z}zXWib0Ya[ KMW�WZ{OKr`TU�I�`x]_zXWo[�Nih�Ni�oY\`iKjUXWsI+�ÂWsR]� � UXI/]|WZIkKMRr`Z[jKKwWQKMLON^g^U�I~U�g6`¡zFhkWsYO{~z�N�loNTef]_La`8IOvZN<gyW~hkN|zD]�WsI\[JU�h~NTRwNih@UXI�KwLON^PfRwNTSoUXWsY\[c]rL\`8POKMNTRT�c�dL~U�[gQ`1DoNi[�KwLON [jW8zXYOK�UXWsI�Wi�ÊKwLON [jNTK�W8��SZ`8R�U�`iKjUXWsIa`¡z�Ni�VYa`8KjUXWZI\[FUXg<P\Wo[M[uUX{kzXN�I~YOgyNTRjUq]T`Tz}z��¬[uUXI\]|NbdNÁL\`TSoNnKwW�hkNi`¡z½bdUXKwLxKMLON)g6`8KMRjUXe�� � KwLa`8Knh~NTP\NTI\hO[�WsIQKMLORwNTNÁgyWsgyNTIkK�`k� ?aWZRwKMYOI\`8KMN|zX�o�
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bDNc]T`iI�RwN¡hkY\]|N�KMLONcIkYfg^{�NGRnW8�ÊU�IahkNTe~Ni[ªWi��KMLONcSZ`8RjUq`iKjUXWsI\`Tz¾`8gyPkz}U�KMY\hkNi[n{~�xhkN|�\I~U�Ifv&d
� ��XL � ±C E G � �LNG�� ­ ®J¯~��± HV²
� ��XG � ±C E L � �LNG�� � ®J¯~��±Nbs²

�dLfN�UXg<P\WZRwKr`iI\]|NyW8�DKwLfNi[jNc�ÂWsRwg^Y~z�`Z[)U�[ÁKwL\`iK�bDN^]T`iIBNTe~PORwNi[M[a��`iI\h 
 U�IBKMNTRwg6[nW8� �`iI\h � d
� G � 
 �G � QYA;l�±ª¥ E L � �LcG m ¥ fC l E G 
 �G n ¥ E L � �LNG m ­ ®J¯~��±G¹V²

®/QYAx¥RE2f%¥ih � j���j&G �PL A h � ¥ h L A h G A ? � ²&� �LNG�� � QYA � � �LNG A � �L�� �A f � 
 �G A 
 �� � ®J¯~��± Ì ²
¥_f � � �GkL A � ��XL � ¥^f � ��XG �

K�ND]T`8IcKMLONTI^[�W8zXSoN>���\��®J¯k�X± Ì ²��ÂWZR$g6`8KMRjUq]|Ni[ � `8I\h � �TbnLkUq]rL^hkNTP\NTIah�WsIcK�bdWÁgyWsgyNTIkK�`k�R�`8KMLONTRÁKwL\`iI��ÂWsR_�Á��bnLkUq]rL�hkNTP\NTI\hf[ªWZIBKwLORMNTNcg<WZg<NTI~Kr`~�n�dLkUq[�KwR�`8I\[J�ÂWsRwg6`8K�UXWsI1`¡z}zXW8bÁ[Ya[ªKMWQ[�W8zXSoN�KMLON�[j�f[jKwNGg Wi��Ni�oY\`8K�UXWsI\[ª�ÂWZRª�°`TUXRjzX�@zq`8RMvsN�[j�f[jKwNGgQ[c®�C�� ·Z� A ¯s�o²r�nÄ¼[uUXIOvKMLON^IOWZKr`8K�UXWsI\[Q®°¯k��± Hk� ¯k��±Nbs²¼`8Iahi�����Q®°¯k�X± Ì ²¼bdN^WZ{OKr`TU�I1KwLON6[jNTK¼W8�nN¡�VY\`iKjUXWsIa[�bnLkUq]rL�Uq[[M`8K�U�[J�\Nihx{k�QKMLONcIONTb�`8gyPkz}UXKwY\hkN¡[�d
� ��XL 
 ±d¥ fC EHG ±

£ ��� �XG�L � � QYAC EHG � �LcG A � �L��£ ��� �XG�LA fC E G ®J
 �G A 
 �� ² ±
£ ��� �XG�L ®J¯~� ·Z�V²

¥ fC E G � �G�L ¥ � ��XG£ ��� ��GkL ­

� ��XG 
 ± A fCFENL ±
£ ��� ��GkL � � QYAC E L � �LNG A � �L��£ ��� ��GkLA fC ® 
 �G A 
 �� ² E L ±

£ ��� ��GkL ®J¯~� ·~±8²
¥ fC E L � �GkL A � ��XL£ ��� ��GkL ­

¸ Ë
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bnLONTRMN�bDN)UXIkKMRwW~hkYa]|Nih@KMLONcNTef]_UXKr`8K�UXWsI�NGIONTRwvZ�
£ ��� ��GkL � QYAx¥ Egf%¥ih � j��Xj&G��PL A h � ¥ih L A h G A ? � � ®°¯k� ·s·V²

GoYOgygQ`iRjUXÃ|UXIOvf�V{~�^Y\[JU�Ifv^`�IkYfg^{�NGR�W8� KwRr`iI\[u�ÂWZRwg6`8K�U�WZI\[|�ObDNnRwNih~Y\]|NnKwLfNnKwLONÁSZ`8RjUq`iKjUXWsI\`Tz[jWiz�YfKjUXWsIBWi��KMLON�KwLfRwNTN|lm{\W~hk�p]|WsRMRwN|zq`8K�UXWsI\[)KMW^KwLON [j�f[jKwNGg�W8��SZ`8RjUq`iKjUXWsI\`Tz�Ni�oY\`8K�UXWsI\[Á¯k� ·k�¯k�X± Ë � ¯k�X±T¹k�½¯k� ·s�y`8I\hp¯k� ·k±s� K�N�[jW8zXSoNcKwL~U�[¼[j�f[jKwNGg0UXKwNTR�`8KjUXSoN|zX�xYOI~KjU}z.�ÂYkz}zÇ]|WsI~SoNTRwvZNTI\]|NÁU�[RwNi`Z]_LfNih<KwWyKwLfN�g6`8vZIOWsIpNTIONTRMvs�o�
ÈtSoNTRM��Y\[jN��ÂYkzO�ÂWsRMg W8�.KMLONdSZ`iRjUq`8K�U�WZI\`¡z Ni�oY\`8K�U�WZI\[�]T`8I^{\NnWZ{OKr`TU�IfNih»{~�^[�YO{\[�KjUXKwYOK�UXIOvKwLON¬`8gyPkz}U�KMY\hkN`

�G �ÂRwWZg ���\�%®J¯~��±T¹o²�KMWBKwLONxSZ`8R�Uq`8KjUXWZI\`¡zcN¡�VY\`iKjUXWsI/�ÂWsR^KMLONxgQ`ivsIOWZINTIONTRMvs� �����Á®J¯~� ·V²���HJI@KMLkUq[ªb¾`T�QbdNcWs{fKr`¡UXI2d

? � � ·4Qo�~�YAQ® I � A IHKT².¥ Q�E
· A A�Q

U
·DC � G ������± A �� � G ������A A Q

U
· C ±

± A �� � G
�� ��� E LNG ���LNG� G � ¥ Q
·DC E LNG � �LcG ®°¯k� ·s¯V²

¥ Q7f
·DC U ±

± A �� � G ������ E � ±� � � E L � ��XL �
�dLON��\Rr[�K)KMNTRwg(W8��KMLONcRT� L � [|��Wi�������Á®J¯~� ·Z¯V²Dv8UXSoNi[nKwLON MONÅÈ gQ`ivsIOWZIBNTIONTRMvs�����\�)®°¯k� ¸V²bnLkU}zXN�KwLON¼[jN¡]|WsI\h6`8I\h<KMLkUXRrh<KMNTRwg6[�v8UXSoNÁKwLON¼]|WsRMRwN|zq`iKjUXWsIp]|WZIkKMRjUX{OYOK�U�WZI.�VP�WZRwNÁPORwNi]rU�[�N|zX�KwLON�KMLkUXRrh�KMNTRwg¤U�[.KwLfNd]�WsI~KwRjUX{OYfKjUXWsI^Wi�\KwLON>���L��XG SZ`iRjUq`8K�U�WZI\`¡z `ig<Pkz}UXKwYahkNnbnLkUq]_L�hkN¡[w]|R�U�{\Ni[`^]|WsI~KwR�UX{OYOKjUXWZIBhkYON¼KwWy[w]G`8KwKMNTRjUXIOvyW8�Ç`^[jP~U�I �OUXPpNTeO]rU�K�`8K�U�WZIxbdU�KMLB` ?ONTRMg»U [jN¡`�N|zXNi]|KwRMWsINTef]_UXKr`8K�UXWsIQUXI\hkY\]|N¡h¬{~��f��D�dLONc[�Ni]|WZI\hQKwNTRMg Uq[n[uUXg^U}z�`iR�KwW^KMLON�g^UXIkUXgQ`Tz���`8g^U}z�KMWsIkUq`iI.��dLONTRMN|�ÂWsRMNo�$KMLON<�ÂWsRMg�Wi��N¡�VY\`iKjUXWsI�¯~� ·s¯�PfRwWiSVUqhkN¡[�Y\[�bdUXKwL�`8I/NTe~Pkz}Uq]_UXKyhkNi[w]�RjUXPOKjUXWZItW8�KwLONy]�WsI~KwRjUX{OYfKjUXWsI+Wi�DNi`s]rLBWsION^Wi�nKMLON^SZ`8RjUq`iKjUXWsI\`Tz¼`8gyPkz}UXKwY\hkN¡[ KMWxgQ`ivsIOWZI�NTIfNTRwvZ�o��HJIKwLkUq[db¾`¡�ybdN�`iRwNc`i{kzXN�KwWy`Z[w[�Ni[w[dKMLONcRwW8zXNcW8��Ni`Z]_LQWZIONcKwNTRMg�`iI\hx`¡zq[jWyKwWyh~NTKwNTRMg»UXION¼KwLONgQ`TUXI�WsR�UXv8UXIBW8��WsYORÁRwN¡[jYkzXKr[��
������� � � ��!�������� !��
	 539�:&86,>9�dN|�ÂWsRMNBPORwN¡[jNTI~KjUXIOv/WsYfR�I~YOg<NGRjUq]T`¡z RwNi[�YkzXKr[|��bDN�WZ{OKr`TUXI KwLON1[jP~U�I~bn`TSoNBNTIfNTRwvZ�¤`8K�± 	��WsR�hkNTR�`8Ky±-@ Q�S�NTe~P\`8Ia[uUXWsI�`8PfPORwWieoU�g6`8K�UXWsI.��bnLONGRwN;Q�SB� A�Q�¥ Egf Uq[ KMLONyg<Ni`iIkls�aN|zqh[jPkUXI/P\W8zq`8R�UXÃTNiht{\`iI\h/[jPkz}UXKwK�U�IfvO���dLkUq[�Uq[y`�RwNi`Z[jWsIa`8{kzXNB`iPOPORMW8eoUXgQ`iKjUXWsI¤[JUXI\]|Nx{\WsKwL:Q`8I\h f `8RMNB�oYkUXKwN@zq`iRwvsNpP\`8R�`8gyNTKwNGRr[�U�I¤]�WsgyP\`8R�U�[�WsI%KMW�KMLON�?aNGRwg^UÁNTIONTRMvs�o� � � �%È)INTe~P\`8I\[JUXWsI�UXI/KwLfNx`8{\WiSoNxP\`8R�`8gyNTKwNTRcUq[»P\NTR��ÂWsRwgyNih�UXI/KwLfN¬z}UXKwNGRr`8KMYORwNVµ¶±s±TºD{k�/ÉÁW8zXWo[�WiS[uUXg^YkzXKr`iIONTWZY\[uzX�%bdUXKwL¤`��aRr[jKyWsR�hkNTRQNGekP\`iI\[uUXWZI�UXI%P\WibdNTR�[»Wi�Q±1@BAD� �dLfN�POYORMP\Wo[jN�W8�KwLkUq[D[jYO{\[�Ni]|K�U�WZIQU�[dKMWy[jLOWib%KML\`8KnWZYORdNi�oY\`iKjUXWsI\[dRMNi]|WiSoNTR�KMLONi[�N�RwNi[�YkzXKr[d{~�y`8POP~z��oUXIOvyKwLON[w`ig<N DVUXI\hxW8��NTe~P\`iI\[uUXWsIa[|� ?.U�R�[jKÁW8�¾`¡z}z°�ÅbDN�[�YOPOP\Wo[�N^KwL\`iKUA�
 � bnL~U¶zXN^bDN DoNGNTPxKwLON
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Pa`8Rr`ig<NGKwNTR�[ A�QB� �Q�`8I\h�A U Q �~� � �Q �k� �aIkUXKwNo�YKtUXKwL~U�IxKMLkUq[dIOWsK�`8KjUXWZI�KwLfN�Ni�oY\`8K�U�WZIxW8�SZ`iRjUq`8K�U�WZI\`¡zF`8gyPkz}U�KMY\hkN � LNG {\Ni]|WZg<Ni[Xd� ? � A �Q�E
·4A ¥ih G A h L � � �LNG � �Q

· C A � ± A 
 �G��
¥ �Q
·DC A E L n � �L n G A �Q

· C A E G n � �LNG n A �Q
· C A E G n � �LNG n G � ®J¯~� · Ë ²

HJK�{�N¡]|WsgyNi[�]rz�N¡`8R^KwLa`8K � LNG Uq[^W8�ÁWsR�hkNTR ��®w±1@BA�²�`8I\h+KwL~Y\[�]|WsI~KwR�U�{fYOKwNi[^`Z[ ��®w±-@ A U ²���dLfNTRwN|�ÂWZRwN
� LNG hkWoNi[<IfWsK6]|WsI~KwR�U�{fYOKwNxKwW�KwLfN ��®M±-@BA�²^g6`8vZIOWsI�NTIONTRMvs�+bnL~U�]rL%[�YO{\[�NT��oYONTI~KjzX�y{\Ni]|WsgyNi[Xd? � � �Q�E
·4A A �Q U

·DC A � G �� ���± A �� � G ������
¥ �Q7f
·DC U A ±

± A �� � G �� ��� E � ±� � � E L � ��XL ­
bnLfNTRwNpbdN�La`¡SoNpKwW/RwNGg<WiSoNxgQ`ivsIOWZI NGIONTRwvZ�+�ÂRwWsg � G � �¾UXI%WZRrhkNTR6KwW+WZ{OKr`TU�I ? � KwW��®M±-@BA�²��t�dL~Y\[�bdNxWZ{OKr`TU�I)d � G � � Q�S<¥ h Gkj � A h G ���)WZKwNp`¡zq[jW1KwL\`iK^bdNxL\`TSoNx[jNGK�Qm�k���¤��UXIp{�WZKwLBNi�oY\`iKjUXWsI\[¼¯k� · Ë `iI\h�¯~� ·Z¸k�n�dLON�`8gyPkz}UXKwY\hkN � ���L g^Y\[jKn{\N�]T`¡zq]|Ykzq`iKwNihUXIpÃTNTRwWZKwLxWsR�hkNTRdUXI+±1@BAD�

� ��XL 
 ± A fC E G ±
£ � � �XG�L � � A fC U E G ® 
 �� A 
 �G ² ±

£ � � �XG�L ®J¯~� ·Z¸V²

A fC E G � �G�L A � ���G£ � � �XG�L ­
bnLfNTRwN6£ ��� �XG�L � Q4S»¥ h � j���j G��PL A h � ¥ h L A h G ���)Wib
bnLa`8K^RwNGgQ`TU�Ia[�KwWBh~W�U�[�`8INGekP\`iI\[uUXWZI�U�IBP\WibdNGRr[)Wi��KwLON�[jPkz}UXKwK�UXIOv�NTIfNTRwvZ� Q4S6UXIBKMLON^`i{�WiSoN�Ni�VYa`8KjUXWZI\[|�.[�YOPOP\Wo[JUXIOvKML\`8KÁKwLfN �ÂR�`s]|K�UXWsI �n�Y@BQ�S»Uq[�`y[jg6`¡z}zÊ�°`s]|KMWsRG�nÈª�ÂKwNGRÁ[jWsgyN^`TzXvsNT{OR�`<bdN��\Ia`¡z}zX�BWs{OK�`¡UXIONihWZIONc]_zXWm[jNihQNi�oY\`8K�UXWsI.�D�dLONc[�PkUXIkb¾`¡SoN¼NTIONTRMvs�^U�IxKMLON)zXNi`shoU�Ifv8loWZRrhkNGR)Wi��{\WsKML���®��ª�Y@ Q�SO²`iI\h ��®w±-@ A�²dUq[�d

?�� ���� � �
·4A ®w±n¥ih � ² �Q U ¥	��
� � ��
� 
� ®w±n¥ih � ²� �QQ¥ � �� � ®w±d¥ h � ²�� U ­ ®J¯~� · HV²

bnLfNTRwN � � � G h G Uq[»KMLONxKwWsK�`¡zÁN|zXNi]�KwRwWZI/NTIONTRMvs��UXItKMLONx[�PkUXI �B{\`iI\ht`iI\h h � Uq[»KMLONN�z�N¡]|KwRMWsI%{\`iI\h NTIONGRwvs��v8UXSoNTI%{~� ���\� ®°·k� Ë ²^UXI KMLONBPORwNGSVUXWsYa[@]rL\`iPOKwNTRG� �dLON1`8{\WiSoNRMN|zq`8K�U�WZIt�ÂWsR^g6`8vZIOWsI%NTIfNTRwvZ�+RwNi]�W8SoNGRr[�PfRwNTSoUXWsY\[^RwNi[�YkzXKr[^Ws{OK�`¡UXIONihtP\NTRMKwYORM{\`8K�UXSoN|zX�«UXI`xhVU}¿½NTRMNTIkK�bn`T� µ¶±s±�ºJ�6È0]|WZg<Pa`8RjUq[�WsI/{\NTK�bdNTNTI�KwLfN»zq`8RMvsN|l Q S gQ`ivsIOWZIthoU�[�P\NTRr[JU�WZI�`8I\h[�KjU}¿½IONi[M[�`8I\hxWsYOR ¯¡lo{\W~hk��]G`¡zq]|Ykzq`8K�UXWsIBU�[ÁgQ`ZhkN�U�I�[�YO{\[�Ni]|KjUXWZI�¯k� ¯y`8Iah@KwLfN�SZ`¡z}UqhVUXK��BW8�KML\`8KÁ`iPOPORMW8eoUXgQ`iKjUXWsI�Uq[�`Z[w[�Ni[w[�NihÅ�
¸ H
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ÀÁbdU�Ifv@KMWQKwLfN��°`s]�K�KwL\`iK�KwLfN^P\`8R�`8gyNTKwNTR_fV@�WÁU�[ÁKwLON�zq`8RMvsNi[�KcNTIONTRMvs�xP\`8R�`8gyNTKwNGR)UXIBKwLONgQ`iIOvo`iIONi[�N�WieoUqhkNi[|�\`^RwN¡`s[jWZI\`8{~z�N^KMRwNi`iKwgyNTI~KdW8��KwL~U�[dUXIkKMNTRr`Z]|KjUXWZI@Uq[ªKMLON]f 
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 � RMNi[jY~z�K��ÂWsR>f	� Ë ¸-W��YKtUXKwL<UXI\]�RwNi`Z[uUXIOv fV@�W�bDN�`Tz�[�W^IOWsKMNc`c]_La`8IOvZN)UXIQKwLONÁÃTWZION{\WZYOI\hO`iRw�%[�W8�ÂKMNTIkUXIOv+Wi��[jPkUXIklmbn`TSoNBhoU�[�P\NTRr[JU�WZI.�7?OWsRySoNTRw��zq`iRwvsN f!KwLkUq[Q[�W8�ÂKMNTIkUXIOv�Uq[]�WsgyPkzXNTKwN|zX�QN�z¶UXg^UXI\`8KMNih�`iI\hQKwLON�hVUq[jP\NTR�[uUXWsI1`s]G�VYkUXRMNi[n`^]|Wo[JUXION|lsz}UXIONy[�L\`8P\No�D�dLON�zq`8KwKMNTR
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?ÆUXvsYORMNp¯k� ¯Pd#Z)NTSoU�`iKjUXWsIa[»�ÂRwWZg�KMLONFMONÅÈ�`iK^KwLON��ÁloP\W8UXI~KQ`Z[^`@�ÂYOI\]|K�U�WZI/W8� �)YO{O{\`iRrhRwNTPfYkzq[uUXWsI�Ä CGKT���dLON�hkNGSVUq`8K�UXWsI�Uq[)[JzXW8bdzX�p]|WZIkSoNTRMv8UXIOvyKwW^KMLONcKwLON]f 
 � RMNi[jYkzXKG�
RwNi[�YkzXKdUXI\hVUq]T`8KMNi[nKwL\`iKT�\`¡zXKMLOWsYOvZLBKwLON �)YO{O{\`iRrh<UXIkKMNTRr`Z]|KjUXWZI fV@�W�Uq[ªY\[�Y\`¡z}zX�@zq`iRwvsNGRnKwL\`iIKwLON hkWsYO{~z�N�loNTef]_La`8IOvZN)UXIkKMNTRr`Z]|KjUXWsI Q.@�W��kKMLON)zq`8RMvsN|lVÄ KMRwNi`iKwgyNTI~KFg^Ya[jKd{\Nc`iPOPkz}UXNih@bdUXKML]T`8YfKjUXWsI.��HJI�Pa`8RwK�Uq]|Ykzq`8R$�ÂWZRÅUXIkKMNTRwgyNihVUq`8KMN>fV@�W��o[w`T��f �¤·s�1W|�ibdND]|WZI\]_zXY\hkN�KML\`8KÊKwLON>f 

� z¶UXg^UXK�U�[�IOWZK�NTe~P\Ni]|KMNih�KwWxv8UXSoN6`QKwRwYa[jK�bdWZRwKwL~��hkNi[M]|RjUXPOK�UXWsI+Wi�ng6`8vsIfWsI/hVUq[�P�NGRr[uUXWZI.�HJI�]|WsI\]rz�Ya[uUXWsI.��K��~PkUq]T`¡zÇSs`TzXYONi[�Wi� f(�oYOWsKMNih@UXI+KwLON^z}UXKwNTR�`8KwYfRwNyv8UXSoNQ`xhVUq[�P�NGRr[uUXWZI�KML\`8KhVU}¿½NTRr[n{k�y�°`s]|KMWsRnW8�F¯�WsRnz�`iRwvZNTRª�ÂRMWsg�KMLON]f 
 � RwN¡[jYkzXKT�

?ÆUXvO� ¯k�X±)`Tzq[jW^]�WsgyP\`8RMNi[$WsYfRFRMNi[jY~z�K�[�KwWcKwLON M N½È ® � � �t�¤�o²Ê`8I\h^KwWcKMLONnRwNi[�YkzXKr[�W8�
MªN��M��µ¶±Z±rºJ�sWZ{OKr`TU�IfNih»{~��NGekP\`iI\hVUXIOv�KwLONOMONÅÈ/KwW
��®w±-@ Q�S�²��sbnLONTRMN Q�S»� A�QÁ¥ Egf��YK%LkU}zXNWsYOR MONÅÈ%SZ`8RjUq`iKjUXWsI\`Tz�RMNi[jY~z�K�[d`ivsRwNGN�bdN|z}z½bdUXKwLFMnN|�M�qµ¶±s±rº°�VKMLONÁP\`¡UXRjlmgQ`ivsIOWZIB]|WZRwRMN|zq`8KjUXWZI\[zXNi`shxKwWy`y[jKwRMWsIOv6[jWi�ÂKwNTI~U�IfvB®JhkNGSVUq`8K�UXWsI\[ ��±T�Z���
�ÂRMWsg!KwLON MONÅÈ�²��0K%LkU}zXN�KMLkUq[¾Uq[ngQ`ieVUX�g^YOg!`Tz�WZIOv ��lH
 ®M®J�~� �V² 
¤®���� �V²w²�UXK�RMNTg6`¡UXI\[�[�KwRwWZIOvx`Tz�WZIOvxKwLON�WsKMLONTR¼hVUXRwNi]|K�UXWsI\[����dLONzq`8KwKMNTR�Uq[�UXI%]|WZIkKMRr`s[�K^KwWBKMLON fc�TQo�k���¼��RMNi[jYkzXK�[Tµ ¸Z¹sºJ� K%LkU}zXN�KMLONQRwN�z�`iKjUXSoNphVU}¿½NTRwNTIa]|Ni[�ÂRwWZg�KMLONFMONÅÈ�hkN¡]|RwNi`Z[jNQbdUXKML«UXI\]�RwNi`Z[uUXIOv f���KwLfNT��RMNTg6`¡UXI/�oYkUXKwNQzq`8RwvZNp`s[@f 
 �¤��dLON)zq`8KMKwNTRDRwNi[�YkzXKnP\W8UXIkK�[dKwLONÁU�gyP\WsRMKr`8Ia]|NcW8��KwLONÁKwLORMNTN|lm{�W~h~�x]|WsRMRwN|zq`iKjUXWsI\[nNTSoNTI^UXIxKwLONzq`8RwvZN|l~Ä z}UXg»UXKG�d�dLkUq[Á]T`8I6{�N [jNTNTIQUXIF?ÆUXvf�d¯~� ¯k�ObnL~U�]rLx[�LOWibÁ[dKwLON�P\NTR�]|NTI~Kr`ivsNchkNGSVUq`8K�UXWsI�ÂRwWZg�KwLON MONÅÈ `8KnKMLON_
@lmP�WiUXIkKc`Z[¾�ÂYfI\]|KjUXWZI�W8� f�d

� � ®w± A ? @�?���� � ² ®°¯k� ¯s¹V²
�)WsKMNdKML\`8K�KwLfNngQ`ieVUXg^YOg�P�Wm[w[JU�{~z�N¼Ss`TzXYON)Wi�½KwLkUq[�P\`8R�`8gyNTKwNGR$Uq[ª±G�s��� U¶� KwLONnKMLORwNGN|lo{\W~hk�hVUq[jP\NTR�[uUXWsIxU�[n[�W^[�W8�ÂKwNGIONih<ION¡`8RnKwLfN)ÃTWZION�{\WsYfI\hO`8RM�xKwL\`iKFUXKFUq[n`8{\WZYOK)KMW�KMYORwIQIfNTvo`iKjUXSoNo�
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3-Body
RPA
O(1/JS)

a) jAF =0.008t b) jAF =0.010t

d) jAF =0.014tc) jAF =0.012t

?.U�vZYORwN ¯k� Ë dLGoPkUXI~bn`TSoN�hoU�[�P\NTRr[JU�WZIB`Tz�WZIOv6hVU}¿ÅNGRwNTI~KnhVUXRMNi]|KjUXWZI\[FUXIQKwLONa�dRjU}z}z�WZYkUXI�ÃTWZION)�ÂWZR
E.�¼�k� H~��Q/� b W�� f �¼·s¸1WÁ`8I\h<�ÂWsR¼hVU}¿½NTRwNGIkKnSZ`¡zXYON¡[)W8� Qo�~�Y@�W��
?OWZRd�ÁYO{O{\`iRrh^RwNTPOY~z�[JUXWsIxNi�oY\`¡z½KwWcKMLkUq[d]|R�U�K�Uq]T`¡z Ss`TzXYON�f��$� ��K�`-DoNi[$UXKr[�gQ`ieVUXg^YOg SZ`¡zXYONm�[JUXI\]|N)�ÂWZRdKwL~U�[dSZ`Tz�YfN�KwLON¼KwLORMNTN|lo{\W~hk�6hVUq[jP\NTR�[uUXWsI�Uq[�NTeO`Z]|KjzX�yNi�oY\`¡z½KwW�ÃTNTRMWO�YK�N)WZ{\[jNTRMSoNKML\`8K�bdNÁ]T`iIQhVUq[�KjUXIOvsY~U�[�LxKjbDW�RwNGv8UXWsI\[�RwNTvm`8R�hVUXIOv�KMLONn{\NTL\`TSVUXWZYOR�W8�.KMLONÁhkNTSoUq`8K�U�WZI<Wi�.KMLON
MONÅÈ ® U°� Nm��KwLON�N|¿½Ni]|K�Wi�dKMLON^]�WsRwRMN|zq`8K�U�WZI\[_²�� ?OWsRc[�gQ`Tz}z�SZ`¡zXYONi[�W8��fV@ W|�.KMLON�P\NTR�]|NTI~Kr`8vZNh~NTSVUq`iKjUXWsIt�ÂRMWsg KMLON MONÅÈ0Uq[QhkN¡]|RwNi`Z[uUXIOv/Rr`iPkUqhVzX���ÂRMWsg UXKr[<g6`8eoUXg^YOg Ss`TzXYON/®w±G�s���y²bdUXKML�UXI\]|RMNi`s[JUXIOv%SZ`¡zXYONi[xW8�^Pa`8Rr`ig<NGKwNTR
fV@�W�� KtUXKwLkUXI KwLfNBRwNTviU�WZI ±T�1W�� f � ¯s�1W��±G�s��� � ��� Ë ¸��6��ÀÁI/KwLONxL\`iI\hÅ�F�ÂWZR�zq`8RwvZNTRySs`TzXYONi[<Wi�c�)Yf{O{\`8R�h«UXI~KwNTR�`s]|K�U�WZItKMLONh~NTSVUq`iKjUXWsIxU�[¼hkNi]|RMNi`s[JU�IfvQ[Jz�WibdzX�o�nHJI\h~NTNihÅ� ?ÆUXvO�Á®J¯k� ¯V²�Uq[)]rL\`8R�`s]|KMNTRjUXÃTN¡h¬{~�yKjbDWQhoU¶¿½NTRMNTI~K[JzXWsP\Ni[|��HJI�P\`iRwK�U�]�Ykzq`8RT�Å�ÂWZRc`<SZ`¡zXYON6`s[ªzq`iRwvsNy`Z[�f
� ±G�s�1W|� � � Ë ��� `¡zXgyWo[jK¼Ni�VYa`¡z�KwWKML\`8K��ÂWZR+f��%¸Z�-W�� �)WsKMNnKwL\`iK�KwLON_f 
 �
hkNGSVUq`8K�UXWsI<Uq[d`i{\WsYOKD·s���Q�~KwLONGRwN|�ÂWZRwNdbDN)La`¡SoN[JzXW8b ]|WZIkSoNGRwvsNGI\]|NxKwW+KML\`8Kyz¶UXg^UXKT� �dLONi[�NBRwNi[�YkzXKr[Q`iRwN�]|WsI\[JUq[jKwNGIkKQbdUXKML KMLON�PORMNTSoU�WZY\[hoU�[M]|Y\[M[uUXWsI¤`i{�WZYOKyKwLONp]|WZIkSoNTRMvsNTIa]|NQKwWBKMLON
f 
 � z¶UXg^UXKT��HuK�Uq[^NTe~P�N¡]|KwNih�KwL\`iK»�ÂWZR[�gQ`Tz}zÁSs`TzXYONi[�W8� �)YO{f{\`8R�h«RMNTPOYkzq[JU�WZI.�n`B[�gQ`Tz¶zª]_La`8IOvZN¬UXI fV@�W�`¡¿½Ni]|K�[�KwLONphVUq[�P�NGRr[uUXWZI[JUXvsIkU}�½]T`iIkK�zX�o� �dLONBN|¿½Ni]|KyW8�¼U�Ia]|RwNi`Z[uUXIOv fV@�WyWsI¤[�PkUXIkb¾`TSoNBhVUq[jP\NTR�[uUXWsI�{�N¡]|WsgyNi[�z�N¡[w[UXgyP\WsRwK�`8I~Kc`8KÁKwLfN�zq`8RMvsN|l f
z}U�g^UXKT�c�)WibDNTSoNTRT�o�ÂYkz}z�]�WsI~SoNTRwvZNTI\]|NcKwWyKwLfN@f 
 � RwNi[�YkzXKr[Uq[dIOWZKÁ`s]rLkUXNTSoNih^NTSoNTI<�ÂWZRdSZ`¡zXYON¡[)`Z[Fz�`iRwvZN�`Z[/f � ±G�s�-W��D�ÆWy]�WsI\]_zXY\h~No�O]|WZRwRMN|zq`8KjUXWZI\[�`8RMNSoNGRw�x[�KwRwWZIOvxNTSoNTIQUXI�KMLON^[�KwRMWsIOvp]|WZYOPkz}UXIOvQz¶UXg^UXK<® � � Ë ���0�ÂWZR�KwLfN�zq`8RMvsNi[�K f��oYOWsKMNihUXIpKwLON�z}UXKwNTR�`8KwYfRwNs²��
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�)NTe~K�bDNp]|WsI~KjUXI~YONQbdUXKwL�KwLONxRwWizXN@Wi�c[�YOP\NTRjlmNTef]_L\`iIOvsNQUXI~KwNTR�`s]|K�U�WZItWZI%[jP~U�I~lobn`TSoNhVUq[jP\NTR�[uUXWsI.�¼HJI�?.U�vf�c®J¯k� Ë ²DbdNcPkzXWsK¼KwLON�gQ`ivsIOWZIBhVUq[jP\NTR�[uUXWsIB�ÂWsRn�\e~Nih Q�� b�W�­�f �¤·Z¸-W`8I\hBSZ`8R�U�N¡h�SZ`¡zXYONi[cW8�TQ �~� @ W �ÂRMWsg Q �~� � � � �s�Z¹-WcKwWp� � �k± Ë W��$K��~PkUq]T`¡z��ÂWsRcKMLONQ[��O[�KwNTg6[W8�cUXIkKMNTRwN¡[jKT�7K�NpIOWsK�Uq]|N�`8I¤WsPOP\Wm[uUXKwN1]_La`8IOvZNBW8��hVUq[jP\NTR�[uUXWsI `Z[Q]|WZg<P\`iRwNihtbdUXKML%KwLON�)YO{O{a`8RrhyRwNTPOY~z�[JUXWsI.�nÈÁI<UXI\]|RwN¡`s[jN�UXI Qo�~�Y@�Wn[�YOPOPORMNi[w[�Ni[dg6`8vsIfWsIxNTIONTRMv8UXNi[n`Tz�WZIOvyNTSoNTRw�hVUXRwNi]�KjUXWsIpW8��KwLON �dRjU}z}zXWsYkUXI�ÃTWsIfNo� �ÅNTKnY\[nIOWsKMNcKwL\`iKnKwLkUq[Á[jYOPOPfRwNi[M[uUXWsI�hkWoN¡[ªIOWZK�]rL\`iIOvsNKwLON¬hkNTSoU�`iKjUXWsI�{\NTK�bdNTNTI�KwLfNFM N½È�`8Iah«KMLORwNGN|lo{\W~hk��hVUq[jP\NTR�[uUXWsIa[|�dbnLkUq]rL/RwNi[�YkzXKr[��ÂRwWZg]|WsRMRwN|zq`iKjUXWsI\[��T?OWsR�NTef`8gyPkzXN^`iK�KwLfN �)lmP�WiUXIkK �!��®���­r�o²dKMLONTRwNcUq[�`Q]|WZI\[jK�`8I~K�hkN¡]|RwNi`Z[jN`8{\WsYfK �(� � �s·s¸@UXI+YfIkUXKr[�Wi�OW�{\NTK�bdNTNGIBKwLONi[�NQ`iPOPORMW8eoUXgQ`iKjUXWsIa[|�B�Ê`-DoUXIOv�UXIkKMWB`s]G]|WsYOI~KKwLON�[�YOPOPORMNi[w[JU�WZIBW8��g6`8vZIOWsIBNGIONTRwviUXNi[ªbDN�[jNTN�KwL\`iK)KMLON�U�Ia]|RwNi`Z[jN�W8�VQo�~��gQ`ivsIkU}�\Ni[ÁKwLONRwN|zq`iKjUXSoN�hVU}¿½NTRwNTIa]|Ni[|� ?OWsR<UXI\[�Kr`iI\]|No�¼`8KQKMLON �)loP\WiU�I~KxKwLONBRMN|zq`8K�U�SoN�h~NTSVUq`iKjUXWsI Wi��KwLONKwLORMNTN|lm{�W~h~�¤hVUq[jP\NTRr[JUXWsI Uq[ � ¯s��� �ÂWsR Qo�~��� � � �s�Z¹-W��)bnLkU}zXN�UXKxKr`1DoNi[Q`�g6`8eoUXg^YOgSZ`¡zXYON^`i{\WsYOK^±G�s���0�ÂWsRTQo�~�+��� � �~± Ë W|�\bnLONTRMNcKwLON�]|WsRMRwN|zq`8KMNih�hoU�[�P\NTRr[JU�WZI+`TzXg<Wm[jK�KMYORwI\[IONTvm`8KjUXSoNy`iK�KMLON�ÃGWsIONy{\WsYOI\hf`8Rw�m�^�dLON�zq`8KMKwNTR�`8PfPkz}U�N¡[�`Tzq[jW�KMWxKwLONyhVU}¿½NTRMNTI\]|N^{\NTK�bdNGNTIKwLON MONÅÈ�`8I\h+±1@BQ�SxhVUq[jP\NTR�[uUXWsI �ÆbnLfNTRwNcLOWibdNGSoNTRnKwLON�RwN|zq`iKjUXSoN^hkNGSVUq`8K�UXWsIBRwNGgQ`TU�Ia[)SoNTRw�[jg6`¡z}z `s[�KwLONi[�N�`iPOPORMW8eoUXgQ`iKjUXWsIa[ªviU�SoNÁRwN¡[jYkzXKr[�SoNTRw��]_zXWo[�N�KwWcNi`Z]_LyWsKMLONTRT�YK�N¼`¡zq[jW�IOWsK�U�]�NKwL\`iKnKwLON�UXI\]|RMNi`s[�N�U�I Qo�~�8@�WÁ[�YOPOPORMNi[w[�Ni[dNi�oYkUXSZ`¡zXNTI~KjzX�xKwLONcKwLfRwNTN|lm{\W~hk�x[jP~U�I~bn`TSoN�`¡zXWZIOvNTSoNTRM�chVUXRwNi]�KjUXWsIQWi�½{ORjU}z}zXWsYkUXIxÃTWsIfNo�8K�NÁ]|WsIa]_zXY\hkNÁKwL\`iK�KwLONÁ[�YOP\NTRjlmNTef]_L\`iIOvsNnUXIkKMNTRr`Z]|KjUXWZIUq[ªWi�dg^UXIOWsRÁU�gyP\WsRMKr`8Ia]|N^`Z[�]|WsgyP\`iRwNihxKwWQKMLON��)YO{O{\`iRrh@UXI~KwNTR�`s]|K�U�WZI�[uUXI\]|NcUXKchkWoNi[nIOWsK]_La`8IOvZN)KMLON�[�PkUXIkb¾`TSoN�hk�~I\`ig»Uq]T[�U�I6`��oY\`Tz¶UXK�`8KjUXSoNcbn`T�o��HJKd[JUXg<PkzX�ygQ`ivsIkU}�\N¡[FKwLfN)N|¿½Ni]�Kr[W8�Ç�)YO{O{a`8RrhxRwNTPfYkzq[uUXWsI.�
K�NQIOWib ]|WZI\[uUqhkNGR^KwLON6[jPkUXI~bn`TSoNyNTIONTRMv8UXNi[�]rz�Wm[jNQKMW�KMLON �ÁloP\W8UXI~KT�pHuI�KwLfNQNTe~P�NGRjUX�g<NGIkK�[nhkNi[w]�RjUX{\Nih@UXI MnN|�°[|�qµ Ho�gbm�Å¹sºÅUXK�b¾`s[Á[jLOWibnIBKML\`8K�KMLON�hkNTSoUq`8KjUXWZI\[�W8�DKwLONcION¡`8RwN¡[jKjlION|UXvsL~{\WsR��)N|Uq[jNTI~{\NTRwv/gyW~hkN|z�hVUq[jP\NTR�[uUXWsI�KwL\`iKQ�\Kr[xKwLONBzXWsIOvilobn`TSoN|zXNTIfvsKwL ®°[jg6`¡z}z���²NTe~P�NGRjUXg<NGIkK�`¡z½RwNi[�YkzXKr[FUXI\]|RMNi`s[�NcbdU�KMLphkNi]|RMNi`s[JU�Ifv#EB`8KdKMLON�ÃTWZIONc{\WsYOI\hf`8Rw�m�d�dLON¼NTekP\NTRM�UXg<NTI~Kr`Tz¾hVUq[jP\NTRr[JUXWsI�]T`8I1{�N^�\KMKwNihBPOLONTIfWsgyNTIOW8zXWZv8Uq]T`¡z}zq��KMWp`��)N|Uq[�NTIk{\NTRMvxg<W~hkN�zdKML\`8KUXI\]_zXY\hkNi[��ÂWsYfRwKwL~loIONi`iRwNi[�KjlmION|UXvsL~{\WsR�® Q��T²�`8Iah�IONTe~KjlmIONi`iRwNi[�KjloIfN|UXvsL~{�WZRB® Q � ²cNTeO]rL\`iIOvsN]|WsYfPkz}U�Ifvo[|�1ÈªzXWsIOvBKMLONxhVUXRMNi]|KjUXWZI�� 
 
 KMLONx�)N�U�[�NTI~{�NGRwv@�ÂNGRwRwWZgQ`ivsIONGKjUq]xhVUq[jP\NTRr[JUXWsIUXI\]_zXY\hVUXIOvQKMLON��ÂWsYORMKwLklmIONi`iRwNi[�K)ION�U�vZLk{\WZRr[ªUq[�d?�� ¦ R 	��� �¤·4Q � ®M± A V�WNY ��§Z².¥XQ�� Y	� E
��§ U � ®°¯k� ¯ Ì ²

�dLON)R�`8K�U�W#Q���@BQ � �VWZ{OKr`TUXIONih<{~���\KMKjUXIOv�KwLONnNTe~P\NTRjUXgyNTI~Kr[|�m]_L\`iRr`Z]|KwNTR�UXÃTNi[$KMLON)g6`8vZIkUXKwY\h~NW8��KMLON�ÃGWsIONc{\WsYOIahO`8RM�B[jWi�ÂKwNTI~U�IfvO� Q���@BQ � b¾`s[d�ÂWsYOIah�KwW^U�Ia]|RwNi`Z[jNcz¶UXION¡`8RjzX�BbdUXKwL JÅ��±�� E�ÂWsR��k� ¸ �ÁI ���~� b�µ ¹o�7bTº°�<ÀÁYORcIkYOgyNTR�U�]G`¡z�RMNi[jYkzXK�[�]G`8I�{�N^�\KMKwNihBSoNTRw�xbDN|z}z�KwWxKwLfNQ`i{�WiSoN
Q � l Q � �)N�U�[�NTI~{�NGRwvyg<W~hkN�z�hVUq[�P�NGRr[uUXWZI.�Ê[uUXg»U}zq`8RcbdUXKwLBKMLON�NGekP\NTR�U�gyNTI~Kr[��V?ÆUXvO�¼¯k� ¸y[jLfW8bÁ[
Q � ® EÆ² @BQ � ® EÆ²)�ÂWZR��ÂWZYOR^hVU}¿½NTRMNTIkK#Q�� K�NxhkWpIOWsK�[jLOWib KMLON�±1@BQ S NTe~P\`8Ia[uUXWsI/RwN¡[jYkzXKr[�UXIKwLkUq[d�\vsYfRwN�`s[nKwLON¡[jN^`iRwNcSoNTRM�Q[JU�g^U}zq`8R�KMW<KMLON M N½È WZIONi[Á�dLON�]|RwYa]_Uq`¡z�RwW8zXN�W8��KwLONcP\`TU�R�lgQ`ivsIOWZI�]|WsRMRwN|zq`8K�UXWsI\[�Uq[^]_zXNi`8R^{~��]|WsgyP\`iRjUXIOv�KwWBKwLfNFM N½È��Ê�dLONFMONÅÈ0viUXSoNi[^`�[�gQ`Tz¶z
Q � @ Q � ��bnLkUq]rL/]T`8I1{�NxYOIahkNTRr[�KwWoW~h+{~��IOWZKjUXIOvBKML\`8KG�$U�I/KMLONx[jKMRwWZIOv�]|WsYfPkz}U�Ifv�z}UXg»UXKG�$U�K]|W8UXI\]rU�h~Ni[$bdUXKwL^KMLONdION¡`8RwN¡[jKjlmION|UXvsL~{\WsRD�)N|Uq[�NTIk{\NTRMv�hoU�[�P\NTRr[JU�WZIBµ ¸s¹iºJ���ÁW8bDNTSoNTRG�TKwLON�P\`TU�R�l
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a)  j =6.5t b)  j =7t

c)  j =8t d)  j =10t

?.U�vZYORwN¼¯k� ¸ dLQ��G® E.² @BQ � ® EÆ².�ÂWZR Qo�~�B�¤� � �k±T·1W�­�f �%·Z¸-W��ÂRwWZg KwLONn{\Ni[�KF�\K�KwWcKMLON�±G[jK�¥ Ë KwLIfNi`8RMNi[jKnION�U�vZLk{\WZR��)N�U�[�NTI~{�NGRwvyg<W~hkN�zJ�

g6`8vZIOWsI�]�WsRwRMN|zq`8K�U�WZI\[�vsRMNi`8K�z��pNTIOL\`iI\]|N#Q � @BQ � �\K��kP~U�]G`¡z}zX��{~��`^�°`s]|KMWsR¼¯8� Ë WsR�L~U�vZLONTR)UXI
?.U�vf��¯k� ¸k�D�dLON�RwN¡[jYkzXKjUXIOv �)lmP�WiUXIkK¼[jWi�ÂKwNTIkUXIOv�UXI\]�RwNi`Z[jNi[n`Z[ªbDNchkNi]|RMNi`s[�N Q.@�W¼® KwWy`Z[dLkUXvsL`Z[ Q � @ Q � � �~� Ë WsR Ë ���
�ÂWsRDKwLON¼P\`8R�`8gyNTKwNTR�[dW8� ?ÆUXvf�d¯~� ¸V²��LQ � @BQ � U�Ia]|RwNi`Z[jNi[dbdUXKML�JÅ��±|� EYfIkK�U¶z\UXKdRMNi`s]rLONi[$UXKr[�gQ`ieVUXg^YOg SZ`Tz�YfNo���dLONÁRr`8IfvsN�Wi��]|WsI\]�NTIkKMRr`iKjUXWsI\[�bdUXKwLkUXIxbnLkUq]_L6KwLkUq[UXI\]�RwNi`Z[jNnW~]T]|YfRr[�hkNTP\NTI\hf[ÇWZI^KwLONdUXI~KwNTR�`s]|K�UXWsIQP\`iRr`ig<NTKMNTRr[��Y?OWsRÊz�`iRwvZNUQ�@ Wd®�UJ� No��]rz�Wm[jNTR�KwWKMLON^[�KwRMWsIOvp]|WZYOPkz}UXIOv@z}UXg»UXK�²r�YQ � @BQ � UXI\]�RwNi`Z[jNi[)gyWsRMN^[Jz�WibdzX��bdU�KML J.�ÅbnLkU}zXN»UXK)UXI\]|RMNi`s[�Ni[gyWsRMNn[�L\`8RMPkzX���ÂWsR�[�gQ`Tz¶zXNTR Qp`s[$KMLONd�ÂNTRwRMWsg6`8vZIONTKjUq]n[�Kr`8KMNn{\Ni]|WsgyNi[ÅzXNi[w[�[�Kr`i{kzXN�®°]|WsgyP\`8RMN
?.U�vm[|�6¯k� ¸~®J`o²c`8Iah�¯~� ¸k®°h�²w²��@ÀÁI�KwLONyWsKMLONTRcL\`8IahÅ� Q���@ Q � Uq[c[jg6`¡z}z ® WsRcIONGvo`8K�UXSoNo�$bnLkUq]rLUXgyPkz}UXNi[�L\`8R�hkNTIkUXIOv~²)�ÂWsR E��Á�~� bo� ?aWZR�[jg6`¡z}zXNTR EÊ� Q��=@BQ � hkNi]�RwNi`Z[jNi[)bdUXKML+hkN¡]|RwNi`Z[uUXIOv E`iI\hQNTSoNTI~KwY\`Tz}z��yU�Ia]|RwNi`Z[jNi[Á`8vm`¡UXI�`s[nKwLfN�`iIkK�U}�ÂNTRwRMWsg6`8vsIfNTKjUq]�]�WsRwRMN|zq`8K�U�WZI\[chkWsg^UXI\`8KMNo�

�)NTe~KnbdNcKwYORMI�KMW<KMLON�[jPkUXI~bn`TSoN�hVUq[jP\NTRr[JUXWsIB�ÂWsR¼[jg6`¡z}z�gyWsgyNTI~Kr` ���dHJKr[n{\NTL\`TSoU�WZYORUq[�]_L\`iRr`Z]|KwNTR�UXÃTNihB{k�BKMLONx[jP~U�I~bn`TSoN6[jK�U¶¿½ION¡[w[��x® EÆ²���Ws{OK�`¡UXIONih+{~���\KwK�UXIOvBKwLON6[jg6`¡z}z}l �I~YOgyNTRjUq]T`TzchoU�[�P\NTRr[JU�WZI KwW1KwLON��VY\`ZhkRr`iKjUq]��ÂWsRwg � � U � ÉÁW8zXWm[jWiS.µ}±s±iº�[�LOWibdNihtKML\`8KG�nKwW��®M±-@BQ AF²���KMLON�WZIkl~[JUXKwNy�)YO{f{\`8R�h@RwNGPOYkzq[uUXWsI f�[jL~U¶�ÂK�[)KwLfN�g6`8eoU�g^Yfg�SZ`¡zXYON�Wi���@® EÆ²DKwWzq`iRwvsNGR�]|WsIa]|NTI~KwRr`iKjUXWsIa[ E �%� � ¸~�Y?ÆUXvO��¯~� H~®J`V²�]|WZg<Pa`8RwN¡[$KwLON ��®w±-@ Q S ².RMNi[jY~z�K�[�W8��MªN��M��µ¶±Z±rºKMW �����X®J·k�X±T¸o²D`8I\hQKwLfNUMONÅÈ��O�dLON�Pa`¡UXRjlmgQ`ivsIOWZI+]|WZRwRMN|zq`8KjUXWZI\[)h~Ni]|RwN¡`s[jN¼KwLONcg6`8vsI~U�KMY\hkNWi�cKwLfNB[jP~U�I~bn`TSoN�[jKjU}¿½IONi[M[��@® EÆ²r�n{~��`s[<g^Y\]rL�`s[ �^±G�s��� `s[Q]�WsgyP\`8RMNih�KMWRMªN��M��µ¶±Z±rº`iI\h�{~�+`Z[�g^Y\]rL+`Z[ �c¸s��� `Z[^]|WsgyP\`iRwNih�KMWBKwLON M N½È���K�NQIfWsKwNyU�I ?ÆUXvf� ¯k� Hk®°`V²cKwLa`8K
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c) j =7t d) j =10t

a) b)

?ÆUXvsYORMN%¯~� H d GoP~U�I~bn`TSoN�[jK�U}¿ÅIfNi[w[ � `Z[��ÂYOI\]�KjUXWsI Wi�xN|zXNi]|KMRwWsI ]�WsI\]|NGIkKMRr`8K�UXWsI E �ÂWsR
Qo�~�$�¼�k� �k±T·1W���®J`o²@��WZg<Pa`8RjUq[�WsI KMW�KMLON MONÅÈ `8Iah ��®M±-@ Q�S�²^RMNi[jYkzXK�[6�ÂWZR Q � bGKx`8Iahfc��·Z¸-W���®Â{Å²¾�dLON^N|¿½Ni]|K�[ªWi�/f���®J]8²Á��WsgyP\`8R�Uq[jWsI�W8�OQ � ® EÆ²DKwWQKMLON MONÅÈ�`8I\h ��®M±-@BQ AF²`8POPfRwWieVUXg6`8K�U�WZI\[ª�ÂWZR Q��_b W|�$fc��·Z¸-W��Á®Jh�²D[M`8gyN�`Z[�®°]8²��ÂWsRTQ���±T�1W��
�@® EÆ²¼NTekL~U�{~U�K�[�`QRr`iKwLONGR�{fRwWo`Zh�Pkzq`8KMNi`8Y�`Z[�`Q�ÂYOI\]|K�UXWsI+Wi�OE$�ÊbnLONTRMN�U�K�RwNTg6`¡UXI\[��°`¡UXRjzX�]|WsIa[jKr`iIkKcbdUXKwL~U�I«`¬bdUqhkN6Rr`8IfvsNyW8�Á]�WsI\]|NGIkKMRr`8K�UXWsI\[�RwN�z�NGSs`iIkKcKMW@KMLONygQ`iIOvo`iIkUXKwNi[��Q�dLONP\`¡UXR�log6`8vsIfWsI/]|WZRwRMN|zq`8KjUXWZI\[�`Tz�[�WBhkN¡]|RwNi`Z[jN�KwLONyhkNGP�NGI\hkNTI\]�N�W8� �@® EÆ²ÁWsI E�bdU�KMLkUXI+KwL~U�[]|WsIa]|NTI~KwRr`iKjUXWsIBR�`8IOvZNy`8I\hB[�LkU}�ÂK)UXKr[�g6`8eoU�g^Yfg KMW<L~U�vZLONTR E�`s[c]|WsgyP\`iRwNihxKwWQKMLON MONÅÈ`8I\h MªN|�M�qµ¶±Z±|ºJ���dLONc`i{�WiSoN�P~z�`iKwNi`iY@Uq[F�ÂW8z}zXWibdNihQ{~�y`�RwNTviUXg<N�Wi��hkNi]|RMNi`s[JUXIOv �@® EÆ²D`Z[dKwLON[jPkUXI~bn`TSoN<UXI\[�Kr`8{~U¶z}UXK��%[�LkU}�ÂKr[��ÂRwWZg KwLfNQÃTWsIfN@{\WZYOI\hO`iRw�/KwW�[�gQ`Tz¶zÁgyWsgyNTI~Kr`�® � � �o²r��dLON�N�¿ÅN¡]|Kr[nW8�>f WZI �@® EÆ²Á`iRwN�hkNTgyWsI\[�KwRr`iKwNih�{~�F?ÆUXvf� ¯k� Hk®Â{Å²r�¼�dLON^[�KjU}¿½IONi[w[nU�Ia]|RwNi`Z[jNi[bdUXKwL f!`iI\h/[jKr`iRwK�[�KwW�]|WZIkSoNTRMvsNyKwW�UXKr[@f 
 � SZ`Tz�YfNi[��ÂWsR f � Ë �1W�� f [jLkU}�ÂK�[�KwLONgQ`ieVUXg^YOg
W8� �x® E.²^KwW�LkUXvsLONGR<SZ`¡zXYON¡[<W8� E¤`8Iaht{ORwWm`shkNTIa[»KMLONB]|WZI\]|NTI~KwR�`8K�U�WZItR�`8IOvZNbnLONTRMN �x® E.²dRMNTg6`¡UXI\[Á]|WsI\[�Kr`iIkKG�

ÈªzXKwLfWsYOvZL WiSoNTR�`¡z}zT?.U�vm[|� ¯k� ¸1`8I\h%¯~� H�`¡�ÂKwNGR»UXI\]_zXY\hoU�IfvtKwLfNB]|WZRwRwN�z�`iKjUXWsI¤N|¿½Ni]|K�[<`iRwN]|WsIa[uUq[jKMNTIkKybdUXKwL�KwLONpNTekP\NTR�UXg<NTI~KpµTbm��¹8º°� Q � U�Ia]|RwNi`Z[jNi[^bdUXKwL¤hkN¡]|RwNi`Z[uUXIOv�E$�dYfIkz}U DoNxUXI
MªN��M��µ ¹Tº¼®T?ÆUXvo[|� ¯k� Hk®J]i²�`8I\h/¯k� Hk®°h�²w²��/�)WibdNTSoNTRG�.KwLONxP\`TU�R�log6`8vZIOWsI¤]|WZRwRMN|zq`8KjUXWZI\[Q[uUXvZIkU}�Â�Uq]T`8I~KjzX�������	��
��UQ � `s[�]|WsgyP\`iRwNih+KwWpKwLON M N½È0PORwN¡hVUq]|KjUXWsI �$UJ� No�B]rL\`8IfvsN<UXKr[�{\NTLa`¡SoUXWsYORUXIBKwLONyhVUXRMNi]|KjUXWZI�Wi�dKMLON�NGekP\NTR�U�gyNTI~K^µ ¹8ºn® ?ÆUXvo[�� ¯k� ¸Q`8Iah�¯~� HV²���ÉnU�SoNGIBKwL\`iK�WsYOR ]T`¡zq]|Ykzq`i�KjUXWsI1bn`s[�P\NTR��ÂWsRMg<Nih�UXI�·BZ0bdUXKwLfWsYOK^UXI\]_zXY\hVUXIOv�{\`8IahO[jKMRwY\]|KMYORwN6N|¿½Ni]|Kr[��$bDNQ[�P�N¡]|Ykzq`8KMN
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ε

εF

Spin

Spin

U

α

ν

+µ+ν−αQ

µ

?.U�vZYORwN ¯k� b d��dLONc[M]T`8KMKwNTR�U�Ifv^W8�ÊKwLfNc[jPkUXI � 
�[�PkUXI ��NTeO]rU�K�`8K�U�WZI�®J[jWiz}U�hQz}U�IfNs²�bdUXKwLp`U?ONTRMg»U[�Ni`�P\`TU�R�®Jh~WsYO{kzXN�z}UXIONs²��d�dLON�UXI~KwNTR�`s]|K�U�WZI�K�`-DoNi[dPkzq`Z]|N�SoUq` f�® bn`TSoNc]�YORwSoNs²
KML\`8KnKMLONc[�YOPOPORMNi[w[JU�WZI�Wi�LQ � ® EÆ²�{~�<KMLONc]|WZRwRMN|zq`8KjUXWZI\[�]|WZYkzqh¬{\N�[jKMRwWZIOvsNTRnUXIxKwLON�RMNi`¡z}Uq[jK�Uq][��O[�KwNTgp�

K�NQIfW8b KwYfRwI/KwWBKMLONQWsR�UXv8UXItWi��KMLONQÃTWZIONQ{\WsYOIahO`8RM�t[�W8�ÂKMNTIkUXIOv�bnLkUq]_L�Uq[yhkNTgyWsIO�[�KwR�`8KwN¡h�`i{�WiSoNo� K�Ny[�LOWib
LONTRMN^KwL\`iK�UXK�Uq[ g6`¡UXIkzX�1hkWsg^UXI\`8KMNihB{k��[jKwRMWsIOv�]|WsRMRwN|zq`iKjUXWsI\[h~YONQKwW��)YO{O{a`8Rrh+RMNTPOYkzq[uUXWZI.�dh~Ni[w]|R�UX{�N¡h�{k��KwLfNQP\`8R�`8gyNTKwNGR@f��BHJI+WsR�hkNTR�KwW��ÂW~]|Y\[cWsIKMLONyRwW8zXNQWi�_f bdNx[�NTKcKwLONx[�YOP\NTRjlmNTef]_L\`iIOvsNyU�I~KwNGRr`s]�KjUXWsIXQm�k� �(�k�pÈ�[�bdN6hVUq[w]�Y\[w[�NihÅ�KMLON^[�PkUXIklob¾`TSoNQhVUq[�P�NGRr[uUXWZI ? � Uq[chkNTKMNTRwg^UXIONihx{k�xKwLfNy`8gyPkz}U�KMY\hkN 

�� �����c¯~� Ë �.bnLkUq]rLh~Ni[w]|R�UX{�N¡[»KMLONB]|WZLONTRMNTIkKy[�PkUXI ��[�PkUXI ��NTeO]rU�K�`8K�U�WZI¤`8I\h � LcG �dhkN¡[w]|R�U�{~U�Ifv+gQ`ivsIOWZIkloPa`¡UXR[M]T`8KMKwNTR�UXIOvO�c�dLON¡[jN^PORMW~]|Ni[w[�Ni[�`iRwN^NTe~PORwN¡[w[jN¡h@{~��KwLfN^[jN¡]|WsI\hB`iI\h�KwLfN�z�`Z[jKcKwNGRwg ]|WsRMRwNT�[�P\WsI\hVUXIOvizX��Wi�nKwLfN^RT� L � [|��Wi�����\��¯~� ·k��ÈªzXKwLfWsYOvZL � `Tzq[jWp]|WsI~KwR�UX{OYOKwN¡[ KMWQKwLfN^g»UXIkUXg6`¡zgyW~hkN|z hVUq[M]|Y\[w[�Nih»UXIQKMLON)PfRwNTSoUXWsY\[D]_L\`iPOKwNGRT�sKMLON�h~Wsg^U�Ia`8I~KdIONTb%N�¿ÅN¡]|K�LONTRMN�]�WsgyNi[$�ÂRwWsgKMLONyRwNTIOWZRwg6`¡z}UXÃi`8K�UXWsI/W8� 

�� {k�pKwLON6[w]G`8KwKMNTRjUXIOvf��hkYONyKwW
f��$Wi�Á`�[�PkUXI � 
 [jP~U�I �xNTeO]rU��K�`8K�U�WZI�bdUXKML+`F?ONTRwg^U�[jN¡`¬Pa`¡UXRT���dLON6]|WsRMRwNi[�P�WZI\hVUXIOvxU�I~KwNGRr`s]�KjUXWsI�PORwW~]�Ni[w[)Uq[�hkNi[M]|RjUX{\Nih{~��KwLONp`8gyPkz}UXKwY\h~N � UXItKMLONxSs`iRjUq`8K�UXWsI\`TzcNi�oY\`8K�U�WZI/W8� `8gyPkz}U�KMY\hkN`
 ���\��¯~� Ë `8I\h�Uq[[�LOWibnIB[M]_LONGgQ`iKjUq]T`¡z}zX�@UXI ?ÆUXvx¯~� bm�)HJIpKwLkUq[ª�\vZYORwN�KwLON�[jPkUXI �6`iI\hB[jPkUXI �y{\`iI\hO[�`iRwN�RwNTPO�RMNi[jNGIkKMNihQ{k�xKwLfN^KjbDWQ[�NTg^U¶lV]_UXRr]_zXNi[¼`8I\h�`8RMN^[jNGP\`8R�`8KwN¡h�{k�xKwLfN^NTIONTRMvs� A�Q@¥ E2f��c�dLON[�PkUXI � 
 [�PkUXI �QNGeO]_UXK�`8KjUXWZI�Uq[�PORwN¡[jNTI~KwNihp`s[c`Q[�W8z}Uqh1z}UXIONybnLkU}zXNQ`Qh~WsYO{kzXN<z}UXION^UXI\hVUq]T`8KMNi[`iI<N�z�N¡]|KwRMWsIklmLOW8zXN�P\`TUXRdNTef]_UXKr`iKjUXWsI.�D�dLON&?ONTRwg^U½[jN¡` Pa`¡UXR�® 
��.²$Uq[d]|RMNi`8KMNih�{~��U�I~KwNGRr`s]�KjUXIOvbdUXKML�KwLfN�[�PkUXIkl���N|zXNi]|KwRMWsIxSoU�` f ®Âbn`TSoN�]|YORMSoNs²r��GoY\]rLx[w]T`iKwKMNTRjUXIOvyv8UXSoNi[Á`^]|WsI~KwR�UX{OYOKjUXWZI
H H
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KwW 
 �� bnL~U�]rL�Uq[)PORMWsP\WsRMKjUXWsI\`TznKMW f � LNG � LNG�� `iI\h@Uq[�NTekPfRwNi[M[jNihx{k�pKwLONcz�`Z[jKcKwNGRwg�UXIKwLON�RT� L.� [nW8� �����c¯~� Ë �cHuIpWsR�hkNTR�KMWx`s[M[jNi[M[ KMLONy]|WZIkKMRjUX{OYOK�U�WZI�Wi�DKwLkUq[�]|WZRwRMN|zq`8KjUXWZI+N|¿½Ni]|KG�bdNch~N|�\IONcKwLfN�WZION|lV]|WsgyP\WsIONTI~K¼`8gyPkz}U�KMY\hkNi[���D� E LNG ��� ��� o K �� � � o K � GkL ®°¯k� Ë �V²

����� EMLcG ��� � � o K �� K o � � � G�L � ®°¯k� Ë ±8²
K%L\`8K�g<WZKjUXSZ`8KMNi[�Y\[�KwWpgQ`1DoNx[jYa]_L1hkN|�\I~U�K�UXWsI\[�Uq[�KwL\`iK^KwLONQKMLORwNGNT� gyWsgyNTI~KwYOg SZ`8RjUq`i�KjUXWsIa`¡zÁ`ig<P~z¶UXKMY\hkN � LNG�� U�[cRr`iKwLONTR�hVU��¬]|YkzXK�KMWx{�N6PkzXWsKwKMNihÅ��[uUXI\]|N^UXI/`x·BZ�[��O[�KwNTgp�Å�ÂWsRNTef`8gyPkzXNo�ÇUXK^L\`Z[<[JUXet]�WsgyP�WZIONTI~Kr[��ÂWsRyNi`s]rL�zq`8KMKjUq]|Npg<WZg<NTI~KwYfg �
`8I\h/KwL~Y\[�NTSoNTI/`¯BZ0P~z�WZK�Uq[�IfWsK�NGIOWsYOvZL+KwWpPORwWiSoUqhkNQ`iI/`8PfPORwWZPORjUq`8KMNxRwNTPORMNi[jNGIkK�`8KjUXWZI+W8�¼`ig<Pkz}UXKwYahkN �Á��dLONTRMN|�ÂWsRMN)bDNc]T`8I6IOWsKDNi`s[JU¶zX�QYfI\hkNTR�[jKr`iI\h<KMLON�PORMWsP\NTRwK�UXNi[dW8�	��`iI\h<U�K�[dhkNGP�NGI\hkNTI\]�N)WZIKwLON^N�z�N¡]|KwRMWsIBgyWsgyNTIkK�`k�c�dLON6`8gyPkz}UXKwY\h~Ni[�bnLkUq]_L�bdN�hkN|�\ION¡hB`8{\WiSoNy`8RwNyWsIfN|loSZ`8R�Uq`8{kzXN�ÂYOI\]|K�UXWsI\[Á`8I\hp`8KnKMLON�[w`8gyNcKjUXgyN^]|WZIkK�`¡UXI�KMLONcg<Wm[jKdUXg<P\WZRwKr`iIkKnUXIk�ÂWsRMgQ`iKjUXWsI�PORMW8SoUqhkNih{k�_�Á�YP�WZRwNTWiSoNTRG�|KMLONT��viU�SoN�Y\[.`dR�`8KMLONTR�[w`8K�Uq[u�Â�oU�Ifv)UqhkNi`dW8�aKwLON�gyWsgyNTI~KwYOg^l~h~NTP\NTI\hkNTIa]|NW8��KMLON^`ig<P~z¶UXKMY\hkN �%Wi��UXIkKMNTRwNi[�K)LfNTRwNo���d�xPkzXWsKMKjUXIOvQKMLONi[jN�`8gyPkz}UXKwY\hkN¡[)SoNTRr[�Y\[nN|zXNi]|KwRMWsIg<WZg<NGIkKMYOg �
	tWsR ���D�V�ÂWZRF�\e~Nih^Ss`TzXYONi[dW8�����kbDN�[JU�gyPkzX�QPkzXWZKÁ`�P\`iRwKjUq]|Y~z�`iRnPORwW�
wNi]|KjUXWZIW8�2��`8I\h�KMLONTRwN��ÂWsRwN�UXKr[.PORwWZP�NGRwKjUXNi[�]T`iI�{\NFUXIk�ÂNGRwRwN¡hÅ��HJI ?.U�vf��¯~� ¹k®°`V².bDNdPkzXWZK�KwLkUq[�]�WsRwRMN|zq`8�KjUXWsI6]|WZIkKMRjUX{OYOK�U�WZI.�k{\WZKwL^�ÂWsR ��]_zXWm[jNÁKwWcKwLON�
!P�WiUXIkKD`8Iah��ÂWZR�[jg6`¡z}z �x�o`Z[F`)�ÂYOIa]|KjUXWsIyW8�g<WZg<NGIkKMYOg �
	��ÂWsR�� � `8I\hQWi� ���B�ÂWsR/� � ��È�[d]G`8IQ{\Nc[�NTNTI<UXIF?ÆUXvf�d¯~� ¹k®°`V²��kKwLfN)zq`8RwvZNi[jK]|WsRMRwN|zq`iKjUXWsIy]|WZIkKMRjUX{OYOK�UXWsI6]|WsgyNi[Å�ÂRwWsg ��� � ]_zXWo[�NnKwWÁKwLON ?aNGRwg^Uf[jYOR��°`s]|N¼® bnLkUq]rL��ÂWsRÊKwLON]|WsIa]|NTI~KwRr`iKjUXWsIa[FW8�ÊUXIkKMNTRwN¡[jK�Uq[n]_zXWo[jN¼KwW^KwLfN)ÃTWZION�{\WsYfI\hO`8RM� � � �$²�`8I\h<�ÂWsR � ]_zXWo[�N�KwW
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- π 0  π
kX

- π

0

 π

k Y

n =0.6
n =0.4
n =0.1

?.U�vZYORwN ¯k� Ì ddH z}zXY\[jKMRr`iKjUXWsIpW8��KwLONT?ONTRMg»U [�YORj�°`Z]|N)�ÂWsRnKMLONc]|Wm[uUXION|lZz}U DoNcK�U�vZLkKn{~U�IahVUXIOv<{a`8I\h�ÂWZR�hoU¶¿½NTRMNTI~K�N|zXNi]|KMRwWsI�]|WsIa]|NTI~KwRr`iKjUXWsIa[|� GmKr`8R�[�d �ÅWib ]�WsI\]|NGIkKMRr`8K�UXWsI E � � � ±Z���ÂNTRwg^U�[jN¡`Uq[»UXI¤`+SoNTRM�+vsWoW~h `iPOPORMW8eoUXgQ`iKjUXWsI�`+]_UXR�]_zXNo� ZªUq`8gyWsI\hf[�d/HJIkKMNTRwgyNihVUq`iKwNxRwNTviUXg<NBKMLON�aRr[jK�hkNGSVUq`8K�UXWsI\[�Wi�nKwLfNQ]_UXR�]_zXNQ`iRwNQIOWZKjUq]|Nih½�@ÀÁP\NTI+]rU�R�]_zXNi[�d��ªUXvsL1]|WsI\]�NTIkKMRr`iKjUXWsI2d��dLON�dR�U}z¶zXWZYkUXIBÃTWsION � [d{\WsYOIahO`8R�U�N¡[��<� ��`iRwNcRwNi`Z]_LfNih»�ÂWsR¼`^bdU�h~N�R�`8IOvZN�Wi��g<WZg<NGIkK�`k�
KMLON�ÃTWZION�{\WsYfI\hO`8RM�o�D�dLON�]|WsI~KwR�U�{fYOKjUXWsIpW8��� � Uq[dKwLORMNTN�KjUXgyNi[n[jg6`¡z}zXNTRnKML\`8IxKwLa`8KnW8��� �IfNi`8RÁKwLON�ÃTWsIfN^{�WZYOI\hO`iRw�o�&P�WsRMN�UXg<P\WZRwKr`iIkK�zX�o�ÅU�K¼v8UXSoNi[Á`<P\Wo[uUXK�U�SoN6]|WZIkKMRjUX{OYOK�U�WZI�bnL~U¶zXN� � ]|WsI~KwR�UX{OYOKwN¡[^`@IONTvm`8K�U�SoN¬]|WsI~KwR�U�{fYOKjUXWsI/KMW�KwLfNx[jPkUXIklmbn`TSoNQNTIfNTRwvZ�o�x�dLONTRMN|�ÂWsRMNQIONi`iRKMLON^ÃTWZION^{\WsYOI\hf`8Rw� � � L\`8R�hkNTI\[/? � `iI\hi� � [�W8�ÂKMNTI\[)UXKT�y�dLONy]|WZIkKMRjUX{OYOK�U�WZI+W8��� � KwWKMLONnz�WZIOvybn`TSoN|zXNTIOvZKwL � ����[�PkUXIxbn`TSoN)NGeO]_UXK�`8KjUXWZI\[FUq[n`¡zq[jWyPORwN¡[jNTI~KwNih�UXIF?ÆUXvO�D¯k� ¹k�YK�NWZ{\[jNGRwSoNÁKwL\`iKnKwLkUq[d{\NTL\`TSoU�WZYORdUq[n�VY~U�KMNchVU}¿½NTRwNGIkK��ÂRwWsg KwLa`8Kd�ÂWsR � � ���	� � U�[n`^[�g<WoWZKwL�ÂYfI\]|KjUXWZIBW8�Dg<WZg<NGIkK�`<[JU�Ia]|N�KMLON�zq`8RwvZN^ÃTWsIfN�{\WsYOIahO`8RM��hkNi]|RMNi`s[�N^hkWoNi[ÁIOWsKc`iPOP\Ni`8R��ÂWZR� ���k���dLON�zq`8KMKwNTR)Uq[)UXI+`ivsRMNTNTgyNTIkKÁbdUXKwL�KwLON^NGekP\NTR�U�gyNTI~Kr`Tz$�°`Z]|K�KwLa`8KcKwLONy[�W8�ÂKMNTIkUXIOvUq[Á]|WsI~�\IONihxKwWyKwLON�ÃTWsIONc{\WsYfI\hO`8RM�o�ÁHJI@WZRrhkNGR)KMW»�ÂYORMKwLONGR�]|WZRwRMWs{\WsR�`8KwN^WZYOR¼]|WsI\]rz�Ya[uUXWsI\[bDNx]T`iI%]|WZg<P\`iRwNp[jP~U�I~lobn`TSoNphVUq[jP\NTR�[uUXWsI%�ÂRwWZg KwLfN¬�ÂY~z¶z¼]G`¡zq]|Ykzq`8K�UXWsI¤bdU�KMLtKMLONxRwNi[�YkzXKr[WZ{OKr`TUXIONih�{~�BIONTviz�N¡]|KjUXIOv � � `iI\h(CGWsR � � �y�dLON<zq`8KMKwNTR�Uq[�[�LOWibnI�UXI2?.U�vf�x¯k� ¹k�;?.U�R�[jK�W8�`Tz}zJ�\bdN�Ws{\[�NTRwSoNcKML\`8KÁ{k�6RwNTgyWiSVUXIOv�� � bDN�WZ{OKr`TU�I�`yhVUq[jP\NTR�[uUXWsI�L\`iRrhkNTRÁKwLa`8I�KMLON M N½ÈRMNi[jY~z�K�[�bnLkU}z�NÁU¶� � � U�[�`ZhOhVUXKjUXWsIa`¡z}z��QRMNTgyW8SoN¡h�`8I MONÅÈªlZz¶U DoN¼hVUq[jP\NTR�[uUXWsIQUq[�Ws{OK�`¡UXIONihÅ�nÀÁIKMLONQWZKwLONTR�L\`8IahÅ��{k��RwNGg<WiSoU�Ifv � � `8Iah1zXNi`TSoUXIOvBWsIkzX�+KMLON � � ��bDN<WZ{OKr`TU�I `�[�KwRwWZIOv8zX�[�W8�ÂKMNTIONih<RMNi[jY~z�KG���dLkUq[n]|WsgyP\`iRjUq[jWZI@UXIF?ÆUXvO�D¯k� ¹k®Â{Å²�]_zXNi`iRjzX�x[�LOWibÁ[dKwL\`iKdKwLfNc[jKMRwWsIfvy[jW8�ÂKM�NGIkUXIOvBW8�¼KwLON¬[jPkUXIklmbn`TSoNphVUq[jP\NTRr[JUXWsI¤`s[^]�WsgyP\`8RMNih�KwWBKMLON�M N½È�]|WZg<Ni[��ÂRwWZg � � ��U°� No�
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?ÆUXvsYORMNy¯k�X±T� dTQ ¨ ® EÆ²d�ÂWZRUQ �~� � � � �~±T·1W|­Xf � ·s¸1W��UQ � Q ¨ dnKwLONc�ÂNTRwRMWsg6`8vsIfNTKjUq]^[jK�`8KMN�U�[YOI\[�Kr`8{~z�Nm� Q�� Q ¨ d�POL\`s[�Nx[jNGP\`8R�`8KjUXWZI+bdU}z¶zª[jLkU}�ÂK�KwLON��ÂNTRMRwWZgQ`ivsIONTK�Uq]»POLa`s[jN6{�WZYOI\hO`iRw��ÂYORwKMLONTRnYOP �

�ÂRwWZg KMLON�RMNTIOWZRwg6`¡z}UXÃi`8K�U�WZI+W8��
��� {k�xKwLfN^[w]G`8KwKMNTRjUXIOvxWi�n`y[jP~U�I � 
 [�PkUXI �<NGeO]_UXK�`8KjUXWZIbdUXKwLp`U?ONTRMg»U [jN¡`�P\`TU�Rd�ÂWZRdgyWsgyNTI~Kr` �p`¡zXWsIfv ��l 
+�D�dLkUq[dN|¿½Ni]|Kd{\Ni]�WsgyNi[d[�KwRwWZIOvsNGRd�ÂWsRg<WZg<NGIkK�`»ION¡`8RÁKwLON^ÃTWZION�{\WZYOI\hO`iRw�o� � � ��� �ÁWsKwN�KwL\`iK�hkYON�KMWQKwLfN^]|Wm[uUXION|lZz¶U DoNy{\`8IahW8�DKwLfN�KjUXvZLkKc{kUXI\hVUXIOvxgyW~hkN|z�KMLON ?ONTRMg»U}lV[jNi`<N�z�N¡]|KwRMWsI\[�`iRwNy`Tz¶zXWibdN¡h�KMWQRwNi`Z]_LpKwLON^ÃGWsION{\WsYOI\hf`8Rw� ��� ���ÂWZR^`@L~U�vZL�]|WsI\]�NTIkKMRr`iKjUXWsI.�p�dLkUq[�Uq[�[�LOWibnI«UXIR?.U�vf�B¯k� Ì bnLONGRwNyKwLON[jL\`iP\N^W8��KMLON ?ONTRMg»UÆ[jYOR��°`s]|Nc�ÂWsR�KMLORwNTN�hVU}¿½NTRMNTIkK¼hkWZPkUXIOvo[)Uq[)PkzXWsKMKwNih½� ?OWZR�`iI�U�K�UXIONTRr`iIkKN|zXNi]|KMRwWsI¬]|WsI\]�NTIkKMRr`iKjUXWsIFE ��� � H<®ÂWsP\NTIp]_UXRr]_zXNi[r²�bDN�IOWsKMN�KwLa`8KnKwLfNTRwNnUq[n`�bdUqhkNcRr`iIOvsNcW8�g<WZg<NGIkK�`�bnLONTRMNcKwLONcÃTWZIONc{�WZYOI\hO`iRw�QUq[ªRMNi`s]rLONih½���dLkUq[nNTekP~z�`TUXI\[)KwLfNc[jKMRwWsIfvx[jWi�ÂKwNTIkUXIOv�ÂWsRnKML\`8K¼hkNTI\[JUXKj�¬`s[nPkzXWsKwKMNih¬UXI ?ÆUXvO�D¯k� ¹~�L?OWZRÁ`8I@UXI~KwNTRMg<N¡hVUq`8KwN�]|WZI\]|NTI~KwR�`8K�U�WZI E��¤� � Ë® �Oz}zXNihBhVUq`ig<WZI\hO[_²ÁbDN�IfWsKwN^KML\`8KÁKwLfN�P\W~] DoNGKr[nW8�DÃTWsIfN�{\WsYOIahO`8RM�Bg<WZg<NTI~KwYfg![jK�`8RwKÁKwWhVUq[w`iPOP\Ni`8RG�L?ÆUXI\`Tz}z��^�ÂWsR�SoNTRM��z�Wib�N|zXNi]|KwRMWsIy]|WZI\]|NTI~KwR�`8K�U�WZIFE@�¤� � ±c®J[�Kr`iRr[_²ÊbDNÁ]T`8IygQ`1DoNK�bdWxWs{\[�NTRwSZ`iKjUXWsI\[�� ?ÆUXRr[jK�zX�o�$KMLONQÃTWZION<{\WZYOI\hO`iRw��Uq[�SoNGRw���°`8Rc�ÂRwWZg KwLONF?ONTRMg»UF[jYOR��°`s]|N`8I\hxKwL~Y\[nKwLON�N|¿½Ni]|KÁW8��KMLON^[�W8�ÂKwNGIkUXIOvO�.`Z[�hVUq[w]�Y\[w[�NihB`8{\WiSoNo�kUq[)RwN¡hkY\]|Nih½�LK�N�IOWsKMN^`Tz�[�WKwL\`iK)KMLON^[�L\`8P\N^Wi��KwLON ?ONTRwg^U�[jYOR��°`s]|N�hVU}¿½NTRr[�[JUXvsIkU}�½]T`iIkK�zX���ÂRwWsg!KML\`8K)�ÂWZR)L~U�vZLONTRch~WsPO�UXIOvo[��O[uUXI\]�NªUXKn]G`8Iy{�NÁNi`Z[uU}zX�x`8POPfRwWieVUXg6`8KMNih»{\N¼`�]_UXR�]_zXN)bdUXKwL6Rr`shoU�Ya[FNi�oY\`¡z½KMW�KMLON&?aNGRwg^Ug<WZg<NGIkKMYOg � � �dÈ¼hOhVUXKjUXWsIa`¡z}zX�o�ÅKwLfNU?ONTRMg»UÆ[jNi`�Uq[Á[j�~g<gyNTKMRjUq]�bdU�KML�RMNi[jP\Ni]|KnKMW^g<WZg<NGIO�KwYOg�`8I\h6hkNTP\NTI\hO[�[�W8zXN|zX�<WZI<KMLONÁIOWsRMg W8�.KMLONÁN|zXNi]|KwRMWsIyg<WZg<NGIkKMYOg 	����	 ���dLONTRMN|�ÂWsRMNo�s�ÂWsR[jY\]rLxhkWZPkUXIOvo[nU�KnUq[ªRMNi`s[�WsI\`i{kzXN�KMWy`8POPORMWieVUXg6`8KwN�KwLONc{\`iI\hQNTIONTRMvs� h��� bdU�KMLB`�P\`iRr`i{�Wiz}U�]
H Ì
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0.2 0.4 0.6 0.8
n

0.0075

0.0125

0.0175

J A
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/t

RPA
3-Body

?.U�vZYORwNp¯~��±s± d Q ��k� `s[y`��ÂYfI\]|KjUXWZItW8� Et�ÂWsR;Q
� b W�­�f�� ·Z¸-W�� ?aWZR;Qo�~� � Q ��~� KMLON�ÂNGRwRwWZgQ`ivsIONGKjUq]c[jKr`iKwNcU�[nYOI\[�Kr`i{kzXNo�
�ÂYfI\]|KjUXWZI h � ��� U � U·���� ­ ®J¯~� Ë ·V²
bnLfNTRwN�� � U�[�KMLONdN|¿½Ni]�KjUXSoNd{\`iI\h�g6`s[w[����dLONFzq`iKwKwNGRd`iPOPORMW8eoUXgQ`iKjUXWsI6hkWoNi[�IOWZK�`8PfPkzX��LONTRMN[JUXI\]|NxbdNx`iRwNQUXIkKMNTRwN¡[jKwN¡h1UXI/KwLfN@L~U�vZLONTR6]|WsIa]|NTI~KwRr`iKjUXWsI/RMNTv8UXgyNo�FbnLfNTRwNxKwLfNQP\`8R�`8{\W8z}Uq]`iPOPORMW8eoUXgQ`iKjUXWsIBUq[ªUXI\`sh~Ni�VYa`8KwNm� K�N�]|WsI\]rz�YahkN^KwL\`iK�KwLfN�UXI\]_zXY\[JU�WZI+W8�DKMLON^�)Yf{O{\`8R�h�RwNT�PfYkzq[uUXWsI�]rL\`8IOvZNi[�KMLONyPOLk�f[uUq]T`TzDWsRjUXviU�I/Wi�ÁKwLONyÃTWsIfNQ{\WsYOI\hf`8Rw�1[jWi�ÂKwNTI~U�Ifv�`s[�]�WsgyP\`8RMNihKMWQKwLfN^g»UXIkUXg6`¡zDg<W~h~N|z°�^HJIBP\`8RMKjUq]|Ykzq`8RG�$bDNy[jLOWibdN¡hB`8{\WiSoN^KwL\`iK�KMLONy[w]G`8KwKMNTRjUXIOvQUXI~KwRwWZ�h~Y\]|NihQ{~� f `iI\hB[jLOWibnIxU�I ?ÆUXvO�Á®J¯~� bs²�Uq[ªg6`¡UXIkzX�pRwNi[�P�WZI\[uUX{kzXN��ÂWZR)KMLON�[jW8�ÂKMNTIkUXIOvf� GoY\]rL{\WZYOI\hO`iRw�+N|¿½Ni]�Kr[|�ÊW~]T]|YORc�ÂWsR�g<WZg<NTI~Kr`x]_zXWm[jNxKwWpKwLONyÃTWsIfNQ{\WsYOI\hf`8Rw�«`8I\h+KwLfN;?ONTRMg»U[�YORj�°`Z]|No��ÉªUXSoNTI^KML\`8K�KMLONÁ[jL\`iP\N)Wi�.KwLfNO?aNGRwg^U\[�YORj�°`Z]|NÁ]_La`8IOvZNi[�[uUXvsIkU}�½]G`8I~KjzX�<bdUXKMLFE$�sbDN]�WsI\]_zXY\h~N)KML\`8KDKwLONÁÃTWsIfN){\WsYfI\hO`8RM�x[jWi�ÂKwNTI~U�Ifv�L\`Z[n`�[�KwRMWsIOvy]|WZI\]|NTI~KwR�`8K�U�WZIxhkNTP\NTIahkNTI\]|N`iI\hQWsIkzX�xW~]T]|YfRr[d�ÂWsRnU�I~KwNGRwgyNihVUq`8KMNUEÊ���dLkUq[ªUq[)]�WsI\[JU�[�K)bdUXKML�KwLfN�NGekP\NTR�U�gyNTI~Kr`Tz.RwN¡[jYkzXKr[��

KtU�KML+h~Ni]|RwN¡`s[uUXIOv Q.@�W��ÅKwLfN^gQ`ivsIOWZI�NTIfNTRwvZ�@�ÂWsRÁU�I~KwNGRwgyNihVUq`8KMN#E«NGSoNTIkKMY\`¡z}zX�xKwYORMI\[IfNTvo`iKjUXSoND`8KÊKwLON	
@lmP\W8UXIkK�bnLkU}z�NDKwLON�g6`8vZIOWsI�[jKjU}¿½IONi[M[ÆUq[$[�KjU}z}zOP\Wm[uUXKjUXSoNo���dLkUq[$SZ`iRjUq`8K�U�WZI\`¡zRMNi[jY~z�K `¡z}zXW8bÁ[�Y\[ÁKwWx]|WZI\]_zXY\hkNcUXI\[jK�`8{kU}z}UXKj��W8�DKMLON��ÂNTRMRwWZgQ`ivsIONTK�Uq]^[jKr`iKwNo�¼HJK�`Tz�[�WQU�gyPkz}UXNi[`�ÃGWsIONp{�WZYOI\hO`iRw��[jWi�ÂKwNTI~U�Ifv�zq`8RwvZNTRyKwL\`iItKwLa`8KyW8�cKMLONp[jg6`¡z}z}l � hVUq[�P�NGRr[uUXWZI.� À)I/KMLONWZKwLONGR<L\`iI\hÅ�n�ÂWsR6[jg6`¡z}z E$�nKMLONB[�PkUXIkb¾`¡SoNpNTIONTRMvs�/�\Rr[�K<KMYORwI\[yIONTvo`iKjUXSoN�`8K6KwLON1®���­ �$²P\WiU�I~Kc®J`iIkK�U}�ÂNTRwRMWsg6`8vsIfNTKjUq]�]�WsRwRMN|zq`8K�U�WZI\[_²��V?ÆUXI\`Tz¶zX�o�O�ÂWsR�zq`8RwvZNTR&E$� ? � KwYORMI\[dIONTvm`8K�U�SoN��ÂWZR[�gQ`Tz}zngyWsgyNTIkK�`k� � � �~�
�d��UqhkNTI~KjU}�Â�VUXIOv�KwLfNQg»UXIkUXg^YOg SZ`¡zXYONi[�Wi�TQ�� Q ¨ ® EÆ²��$bnLONTRMN? � �¤���ÂWsRÁ`Tz¶zÊgyWsgyNTI~Kr`~�kbdN ]T`8IphkN|�aIkUXKwN|zX�x]|WZI\]_zXY\hkNm�\hkYON�KMW^KwLONcSZ`8R�U�`iKjUXWsIa`¡z�I\`iKwYORMNb¡�
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?ÆUXvsYORMNp¯k��±G· d�f � `Z[^`¬�ÂYOIa]|KjUXWsI�W8�&E��ÂWZR Q � b�W�­=Q �~� �(� � �k±G·-W��2?OWZR@f � f � KwLON�ÂNTRwRMWsg6`8vZIONTKjUq]c[jK�`8KMN�Uq[ªYfI\[jK�`8{kzXNo�
W8��WZYORc]T`Tzq]|Ykzq`8K�U�WZI.�.KwL\`iK)KMLON�vZRwWZYOI\hB[jK�`8KMN�U�[ÁIOWsKn�ÂNTRwRMWsg6`8vZIONTKjUq]��ÂWsRUQ � Q~¨M� ÀÁIpKwLONWsKMLONTR�L\`iI\hÅ�Å�ÂWsR Q � Q~¨M�ÆKMLONy[jK�`8{kU}z}UXK���Wi� 	 � �dUq[�IOWsKcvsYa`8Rr`iIkKMNTNihÅ�ÊhkYfN^KwWxNo� vf��PfL\`s[�N[jNTPa`8Rr`iKjUXWsI«µ¶±Z±s�O·sº°� Q~¨M® EÆ²�Uq[n[�LOWibnI¬UXI�?ÆUXvO� ¯k�X±T�k���d�6]|WsgyP\`8R�UXIOv<KMW�KMLON M N½È RwNi[�YkzXKT�oU�KUq[d]_zXNi`iRnKwL\`iKdKwLfN�P\`¡UXR�log6`8vsIfWsIB]�WsRwRMN|zq`8K�U�WZI\[dz�N¡`shQKwW�`�SoNTRw��PORwWZIOWsYOIa]|NihQYOP~bn`8R�hQ[jL~U¶�ÂKUXIXQ ¨ ® EÆ²r�;K%L~U¶zXNQ�ÂWsRczq`8RwvZNx]|WZI\]|NTI~KwR�`8KjUXWZI\[�KMLONQN|¿½Ni]|K�[�W8�ÁKwLfNQ]|WZRwRMN|zq`8KjUXWZI\[^hVUXg»UXIkUq[�L.�`8I\h/KwLON M N½È�{�N¡]|WsgyNi[^NTeO`Z]|K6`8K EÆ��±s�F�ÂWZR;E � �k� b�KMLONBh~NTSVUq`iKjUXWsI\[<�ÂRMWsg KwLON�MONÅÈNTef]|NTNih+±G�s���6��È�[TE%hkNi]|RMNi`s[�Ni[|�ÊKwLON MONÅÈ �°`TU¶zq[y]|WsgyPkzXNTKMN|zX�o� K�Nx]T`iI/]|WZI\]_zXY\hkNQKML\`8KKwLON M N½È
vsRMWo[w[JzX�BW8SoNGRwNi[�KjUXgQ`iKwNi[ÁKwLON�[jKr`i{kU}z}U�K���W8�DKwLfN��ÂNTRwRMWsg6`8vsIfNTKjUq[jgp� �ÇSoNGI�KwLfWsYOvZL�ÂWsRc[�WsgyNQ]�WsI\]|NGIkKMRr`8K�UXWsI\[c`shfhVUXKjUXWsI\`TzÁN|¿½Ni]|K�[�[jY\]rL1`s[�POL\`Z[jN6[jNTP\`iRr`iKjUXWsI+bdU}z}zÁ[�LkU}�ÂKcKwLON�ÂNTRwRMWsg6`8vZIONTKjUq]�POL\`s[�Nn{\WsYOI\hf`8Rw�#Q~¨w® EÆ²Å�ÂYORMKwLONGR.YOPy`s[�]�WsgyP\`8RMNih�KMW ?ÆUXvf��¯k��±G�k�8UXK$Uq[�]rz�N¡`8R�ÂRwWZg WsYORÊSZ`8R�U�`iKjUXWsIa`¡z ]T`¡zq]|Y~z�`iKjUXWsI^KML\`8KÊKwLfNdN|¿½Ni]|K�[ÅW8�fKwLONDP\`¡UXR�log6`8vsIfWsIy]|WZRwRwN�z�`iKjUXWsIa[F`iRwN[uUXvsI~U¶��]T`8I~K)UXI�KMLONcgQ`iIOvo`iIkUXKwNi[��L?ÆUXI\`Tz}z��m�ÅbdNcIOWZKwNcKwL\`iK)KMLONcWsI\[JUXKwN<��WZYkzXWsg^{pRwNTPOY~z�[JUXWsIf�hkNi]|RMNi`s[�Ni[.KwLON�SZ`¡zXYONi[ÊW8��Q~¨r® EÆ² `8I\hcKwL~Y\[ÆNGIOL\`8Ia]|Ni[.KwLON¾[jKr`i{kU}z}U�K��^Wi�\KwLON��ÂNTRwRMWsg6`8vZIONTKjUq][jK�`8KwNm��HJK�U�[$UXgyP�WZRwK�`8I~KdKwW�IOWsKMN)KML\`8K>f¤]rL\`iIOvsNi[��oY\`¡z}UXKr`iKjUXSoN|zX�yKwLON¼[jL\`iP\N�W8� KwLON¼]|RjUXK�U�]G`¡zz}U�IfNQ®J]�WsgyP\`8RMN ?ÆUXvO�¾¯k��±G�»bdUXKML ?ÆUXvO�n·~��±T·o²Á`s[Á]|WZg<P\`iRwNihxKwWyKwLONcg^UXIkUXg^YOg!g<W~hkN�zJ� K�NKwLONGRwN|�ÂWZRwNc]|WZI\]_zXY\hkN�KwL\`iKdUXKr[nN|¿½Ni]|KÁ]T`iIOIOWsKÁ{\NcIONTv8zXNi]�KwNihÅ�

��`TSoU�Ifv^NTeO`ig»UXION¡h¬KMLONcRwWiz�NcWi��KMLON�g6`8vsIfNTKjUq]_lmNTeO]rL\`iIOvsN�UXIkKMNTRr`Z]|KjUXWZI�WsIxKMLON�[jKr`i{kU}zX�UXKj�6W8���ÂNTRMRwWZgQ`ivsIONTK�Uq]�[jK�`8KMNo�ObdN�]|WZIkK�U�I~YONcIOWib bdUXKwLpKwLON�N|¿½Ni]|KnWi��KMLON^[�YOP\NTRjlmNTeO]rL\`iIOvsNUXIkKMNTRr`Z]|KjUXWsI �Q�dLON6�)N|Uq[jNGIk{\NTRMvs��z¶U DoNx�
	���
 ¦�� vsNTIfNTRr`Tz¶zX��I\`8RMRwWibÁ[�KMLONy{�WZYOI\hO[cbnLONTRMN»�ÂNTRM�RwWZgQ`ivsIONTK�Uq[jg¢Uq[)P\Wo[M[uUX{kzXNp[uUXI\]|N�Uq[)Uq[�`8I1`8I~KjU}�ÂNTRMRwWsg6`8vZIONTK�U�]y]|WZIkKMRjUX{OYOK�U�WZI�bnL~U�]rL�v8UXSoNi[`8I�W8SoNGRr`¡z}z¼[�YOPOPORMNi[w[JU�WZI%W8�cKMLONxgQ`ivsIOWZItNTIfNTRwvZ�o�t�dL~U�[^gyNi`8I\[^KwLa`8KybdU�KML�UXI\]|RMNi`s[JUXIOvbo±
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Q �k� �Å`iI\h@�\e~Nih fV@�W¼`8I\h�Q.@�WdKMLON^[�PkUXIklob¾`TSoN^NTIONTRMvs�<zXWibdNTR�[¾�ÂWZRc`^P\`8RMKjUq]|Ykzq`8RcN|zXNi]�KwRwWZIh~NTI\[uUXK��FEÊ�n�dLONTRMN�Uq[)`y]|R�U�K�Uq]T`¡z Q ��~� �ÂWsRÁbnLkUq]_LpgQ`ivsIOWZI�NTIfNTRwvZ�@NGSoNTIkKMY\`¡z}zX�QKMYORwI\[nIONTvZ�`iKjUXSoNo�&?aWZRUQ �~� � Q ��~� `8Iah��\e~Nih
fV@�W�­=Q�@ W�­ E��ÂNTRMRwWsg6`8vZIONTK�U�]�WZRrhkNGR)Uq[¼UXgyP\Wo[w[JUX{kzXNo�^HJIWZRrhkNGRdKwW�hkNTKMNTRwg^UXION)KMLONc]|R�UXKjUq]T`¡zÆ[jYOP\NTR�loNTef]rL\`8IOvZN�P\`iRr`8gyNTKMNTRT�~bdN)�\e fV@ Wn`iI\h Q�@ WD`8I\h[�NTN�D^KMLONc]|R�U�K�Uq]T`¡zÊP\W8UXI~Kª�ÂWZRdNTSoNGRw�^N|zXNi]|KMRwWZI�]�WsI\]|NGIkKMRr`8K�UXWsI�E$���.W^gQ`1DoN)KMLONc]|WZIOIONi]�KjUXWsIbdUXKML@KMLONUQÅl4E�POL\`Z[jN�hVUq`8vZRr`8gp�\bdN)�\eFQBKMWy`�Ss`TzXYONcbnLkUq]_Lp`¡z}zXWibÁ[)KwLfN�vsRMWsYOI\hp[jK�`8KwN¼KwW{\N��ÂNTRMRwWZgQ`ivsIONTK�Uq]��ÂWZR�`ybdU�h~N<RMNTv8UXWsI1W8�nN�z�N¡]|KwRMWsI�]|WZI\]|NTI~KwR�`8KjUXWZI\[c� � Ë � E ��� � bo� �d�NGeO`ig»UXIkUXIOv ?ÆUXvO��¯k�X±s±nbdN¼]T`iIQ]|WZI\]_zXY\hkNÁKwLa`8KD`8Ix`iPOPORMWsPOR�U�`iKwN�SZ`Tz�YfN)�ÂWsR�KwLa`8K�P\`8R�`8gyNTKwNGRUq[UQ�@ W���bo�UK�Ny[jLfW8b�KwLON^RMNi[jY~z�K�[)�ÂWsRcKwLON^PfL\`s[�NQhVUq`ivsRr`ig�bdUXKML�RMNi[jP\Ni]|K¼KwW�Q ��~� `s[c`�ÂYfI\]|KjUXWZI�Wi�&E«UXI ?ÆUXvO�+®°¯k�X±s±8²���È)vo`TU�I/KMLONB±-@ Q�SBRwNi[�YkzXKr[^`8RMNQIOWZKy[jLOWibnI/`Z[�KwLONT�1`8RMNSoNGRw��]_zXWo[�NxKwW MONÅÈ�� ?ÆUXRr[jKG��bdNQIfWsKjUq]|NxKML\`8K�UXItKMLkUq[^[uUXKwYa`8KjUXWZI%KwLORMNTN|lo{\W~hk�1N|¿½Ni]|Kr[�hkWIfWsK¼[jNTNTg(KwWx`T¿ÅN¡]|K�[�W»UXgyP\WsRwK�`8I~KjzX�BKwLfN^]|R�U�K�Uq]T`¡z�SZ`¡zXYON^W8� fV@�W¼`s[dU�IBKMLON Q�Sf[ EBPOL\`Z[jNhoU�`ivsR�`8gp�Q�dLON6hkNTP\NTI\h~NTI\]|N^Wi� Q ��~� WZI2E+RwNGgQ`TU�Ia[�Rr`iKwLONGR�[JUXg»U}zq`8R�U}�Á]�WsRwRMN|zq`8K�U�WZI\[^`8RMNUXI\]rz�YahkNihÅ�LKtUXKMLkUXI�KwLfN�RwNGv8UXWsIpW8�D]|WZI\]|NTI~KwR�`8K�U�WZI\[)Wi�$UXI~KwNTRMNi[jK�® E �¤� � HV²r�\KwLfNUMONÅÈ Q ��~�Uq[^[JU�g^U}zq`8RQKMW�KMLONQKwLfRwNTN|lm{\W~hk�/RwNi[�YkzXKT�R?OWsR�UXI~KwNTRMg<NihoU�`iKwNp]|WZI\]|NTI~KwR�`8KjUXWZI\[@® E ��� � ¸V²��]�WsRwRMN|zq`8K�U�WZI\[�N|¿½Ni]|K�[)[�Kr`8RMK�KwW¬hVUXg»UXIkUq[jL�KwLfN^]|R�U�K�Uq]T`¡zVQ ��k� bdUXKML�`Q[jYOPfPORwNi[M[uUXWsI�W8�¾`i{�WZYOK·Z��� `s[�]|WZg<Pa`8RwN¡h�KwW�KMLONVMONÅÈ/Ss`TzXYONo���dLkUq[�[jYOPfPORwNi[M[uUXWsI^UXI<KMLONn]�WsRwRMN|zq`8KMNih^]|RjUXK�U�]G`¡z�Qo�~�RMNTg6`¡UXI\[�`Tz�gyWo[�Kn]|WZI\[jK�`8I~K��ÂWsR$zXWibdNTR��Oz}z}UXIOvo[Á® E �¤� � Ë ²�`8I\h�{\Ni]G`8Y\[�N)Wi�ÅKMLkUq[FKMLONnRwN|zq`iKjUXSoNhoU¶¿½NTRMNTI\]|N�UXI\]|RMNi`s[�Ni[nKwW^NTef]|NTNih Hs���(`iKnKwLONcSoNTRM�»zXWib hkWZPkUXIOvQRwNGv8UXg<Ny®ÂI ���k� ·8�°�k� ¯o²r�
�ÆW�]|WZg<PkzXNTKMNdKMLONnPORwN¡[jNTI~Kr`iKjUXWsIyW8�½KwLfNnPOL\`s[�NÁhVUq`8vZRr`8g6[|�~bdNnIOWib+�\e#Q�@�W�­=Qm�k��@�W�`8I\hUqhkNGIkK�U¶�Â�xKMLON�]|RjUXKjUq]T`Tz��ÁYO{O{\`iRrh¬UXI~KwNTR�`s]|K�UXWsIif���`Z[�`��ÂYOI\]|K�U�WZIBW8��N�z�N¡]|KwRMWsIQ�Oz}z}U�Ifv�EÊ�nHJI

?.U�vf��®J¯~��±G·V²DbdNcPORwN¡[jNTI~KnKwLON]f���® E.²�RwNi[�YkzXKr[���bnLONGRwN��ÂNGRwRwWZgQ`ivsIONGKjUq]�WsRrh~NTRªUq[dUXg<P\Wo[M[uUX{kzXN�ÂWZR f	�#f��$��?ÆUXRr[�KjzX�o�\bdN�IfWsKjUq]|NcKML\`8KnUXI@WZRrhkNGRnKwWy[jK�`8{kU}z}UXÃTN^KwLfN �ÂNGRwRwWZgQ`ivsIONGKjUq]�vsRwWZYOI\h[�Kr`iKwNnYOP^KMW�N�z�N¡]|KwRMWsIy]|WZI\]|NTI~KwR�`8KjUXWZI;E ��� � bo�o]|WZI\[uUq[�KwNTI~K�bdU�KML<KMLONd�Oz}z}UXIOvo[FUXI6·BZ%�oY\`s[JU¶lzq`T�oNTRMNih^[w`ig<PkzXNi[��kKMLON)Pa`8Rr`ig<NGKwNTR>fV@�W�g^Y\[jK�{\N�`Z[Çzq`8RMvsNc`Z[+f ��·s¸-W���È�[�NTe~P\Ni]|KMNihÅ�sKMLONKMLORwNGN|lo{\W~hk��]|WsRMRwN|zq`8K�UXWsI\[$UXI\]|RMNi`s[�NdKwLfNn]|R�U�K�Uq]T`¡z f%`Z[$]�WsgyP\`8RMNih�KwW&M N½È�RMNi[jYkzXK�[|�o[JU�Ia]|NFUXKUXI~KwRMW~hkY\]|Ni[Á`��ÂNTRwRMWsg6`8vsIfNTKjUq] UXI~KwNTR�`s]|K�UXWsI.�nHJI�?ÆUXvO�¼®J¯k�X±T·o²dbDN�IOWZKwNcKwL\`iK)bdUXKMLkUXI�`»bdUqhkNR�`8IOvZNxW8��]|WZI\]|NTI~KwR�`8K�U�WZI\[y� � ¸Z¸�� E � � � bpKwL\`iK<KMLONxKwLORMNTN|lm{�W~h~�t]�WsRwRMN|zq`8K�U�WZI\[Q[�LkU}�ÂKr[�^�B{~�x`<]�WsI\[�Kr`8I~K¼�VY\`iIkK�UXKj�p`i{�WZYOK � f �¤¹1W|�D�dLON�RwN|zq`8K�UXSoN^hkNTSoUq`8K�U�WZIB{\NTK�bdNTNTI6KwLONi[�NK�bDWy`8POPORMWieVUXg6`8KjUXWZI\[)U�Ia]|RwNi`Z[jNi[nbdUXKwLxz�WibDNTRjUXIOv E$� ?OWsRÁKwLONcNTe~P\NTRjUXgyNTIkK�`¡z}zX�QU�I~KwNGRwNi[�KjUXIOv]�WsI\]|NGIkKMRr`8K�UXWsIFE��¤� � Hk�ObDN)La`¡SoN `^hkNTSoU�`iKjUXWsIxbnLkUq]rLxNTeO]�NTNihO[n±T�Z���6�ObnLkU}zXN �ÂWZROE��¤� � bUXK<Uq[Q`Tzq[jW�[uUXvsI~U¶��]T`8I~KT�c`i{�WZYOKp·s¸��Q�Á`s[6]|WsgyP\`8RMNihtKwW1KwLON M N½È RwN¡[jYkzXKr[�� ?OWsRQLkUXvZLONTRN�z�N¡]|KwRMWsI^�Oz}z¶UXIOvm[n[jY\]rL6`s[�E � � � b¡¸�KwLfNÁ]|RjUXKjUq]T`Tz7f��x[jK�`8RwK�[FKMW�UXI\]|RMNi`s[�N)R�`8PkUqhVzX�6`8I\h<KMLkYa[KMLONxRwN|zq`iKjUXSoNphkNTSoU�`iKjUXWsItUq[�zXW8bDNTRT�/Ènz�KMLOWsYfvsLtKMLONphkWsP~U�Ifv/hkNTP\NTI\h~NTI\]|NQWi�cKwLfN�]�RjUXKjUq]T`Tz�ÁYO{O{\`iRrh<UXIkKMNTRr`Z]|KjUXWsI�[jNTNGgQ[�IOWsKnKMWy]_L\`iIOvsN�[�KwRwWZIOv8zX�x{~�<KMLORwNTN�lo{\W~hk�p]|WsRMRwN|zq`iKjUXWsI\[���bDN�aI\h@KML\`8K¼�VYa`8I~KjUXKr`iKjUXSoN|zX�xKwLON�hkNTSoUq`8K�U�WZI�Uq[dzq`8RwvZN^bdUXKwLkUXIBKwLfN�NGekP\NTR�U�gyNTI~Kr`Tz.U�I~KwNGRwNi[�KjUXIOvRMNTv8UXgyNcW8� E$�VP�WZRwNTWiSoNTRDKwLON�RwN|zq`iKjUXSoN^hkNGSVUq`8K�UXWsIB{\NTK�bdNTNGI�]�WsRwRMN|zq`8KMNih�`iI\h M N½È RwNi[�YkzXKr[Uq[nSoNTRw�^zq`8RMvsN�UXIpKwLkUq[nRwNTviU�gyNo�
�ÆWx[�YOg¢YfPBbdU�KMLBKwLON�POL\`Z[jNyhVUq`8vZRr`ig RwNi[�YkzXKr[|�½WsYOR�SZ`iRjUq`8K�U�WZI\`¡zª]T`¡zq]|Y~z�`iKjUXWsI«`¡z}zXW8bÁ[Ya[ªKMW<�\I\hB[�KwRjUq]|KMNTRÁ{�WZYOI\hO[�bnLONGRwN��ÂNGRwRwWZgQ`ivsIONGKjUq[jg�Uq[�P�Wm[w[JU�{~z�N^UXIBgQ`iIOvo`iIONi[�N^W8eoUqhkNi[��
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zXW~]T`¡z}UXÃTNih�[jPkUXI\[��.�]O
�
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[uUXgyPkz}U¶�aNih+hkWZYO{kzXN|loNGeO]rL\`8IfvsNyg<W~hkN�zJ�y�dLON��°`Z]|KcKwL\`iKcKwLON^R�U�vZLkKc{\NTL\`TSoUXWsR�Uq[�RwN¡]|WiSoNTRwNih{k��UXI\]rz�YahVUXIOvBKwLON6WsIklV[uUXKwNx�ÁYO{O{\`iRrh�RMNTPOYkzq[uUXWZI�UXI+WsYfR�gyW~hkN|zDL\`8g^U}zXKwWsI~U�`iI.�FUXI\hVUq]T`iKwNi[KwLON�UXgyP�WZRwK�`8I~K)RMW8zXN�Wi��� � UXIxKwLfN�h~�kI\`ig»Uq]T[nW8�ÇKwLONcg6`8IOvm`8IkUXKwN¡[|���ekP\NTR�UXg<NTI~Kr`Tz�[�KwY\hoU�N¡[)WsIpKwLON�hO`8gyPkUXIOvxW8��L~U�vZLkzX��hkWsP\NihxgQ`iIOvo`iIkUXKwNi[Gµ ¸Z·Vº�[jLOWib `[jKMRwWsIfvQhkNGP�NGI\hkNTI\]�N�WsIxU�K�UXIONTRr`iIkKÁN|zXNi]|KMRwWZI�]�WsI\]|NGIkKMRr`8K�UXWsI.� P�WsRMN�PORwN¡]_Uq[jN|zX�o�OKMLONcLkUXvsLONTRKwLONcN|zXNi]�KwRwWZIBhkWZPkUXIOvQKMLON�zXWibdNTRdUq[)KMLON�[jPkUXIklmbn`TSoN^hf`8gyPkUXIOvO�ÁHJI�WZRrhkNTRÁKwWyNTef`8g^UXIONcKwLONI\`8KMYORwN¼W8�ÊKwLa`8KdI~YOgyNTRjUq]T`Tz½RwNi[�YkzXKnbdNÁPkzXWsKÁ[jP~U�I~lobn`TSoNchoU�[�P\NTRr[JU�WZIB`iI\hxhO`8gyPkUXIOv��ÂWsRDK�bdWhVU}¿½NTRwNTI~KÁN|zXNi]|KwRMWsI�]|WsI\]�NTIkKMRr`iKjUXWsI\[���E � � � ¸s¸y`8I\h EB� � � HQ`iI\h¬�ÂWZR)KMLON�K��~PkUq]T`¡z�SZ`¡zXYONi[Q � b W|­Xf � ·s¸-W�­=Qm�k� �(� � �k±G·-W���?.U�vf�+®J¸~� ¯o²c[jLfW8bÁ[cKwLON¡[jNQRMNi[jYkzXK�[�bnLONTRMNx[jP~U�I~lobn`TSoNhVUq[jP\NTR�[uUXWsI�Uq[�PkzXWsKMKwNih�bdUXKMLkUXIRM N½È
`iI\h�KMLORwNGN|lo{\W~hk��`iPOPORwWieoUXgQ`iKjUXWsI.� ?aWZR�KwLfN^LkUXvsLONTRhkNTI\[JUXKj��bdNnIOWZKwNdUXI ?ÆUXvO�n®J¸~� ¯o²r®J]i².KwL\`iK�`¡zXWZIOv � 
B
 hVUXRwNi]�KjUXWsI6hO`8gyPkUXIOvcU�[�`i{�WZYOK�WsIkzX�¸��%Wi�½[jP~U�I~lobn`TSoN¾hVUq[jP\NTRr[JUXWsI^bnLkU}zXNÁ`¡zXWsIfv�KwLON�WZKwLONTR�hVUXRwN¡]|KjUXWsIa[ UXK.U�[Ê· A ¯��6���dL~U�[Êg<Ni`iI\[KwL\`iKÊ[jPkUXIklmbn`TSoNdNGeO]_UXK�`8KjUXWZI\[�`8RMN�Rr`8KMLONTRÅzXWsIfv8lsz}UXSoNih��ÂWsR.KML\`8KÊN|zXNi]|KMRwWsI�]|WsIa]|NTI~KwRr`iKjUXWsI ��ÈnKKwLON�[M`8gyN�K�UXg<No��?.U�vf��®J¸~� ¯o²r®Jh\²n[�LOWibÁ[ªKML\`8Kn�ÂWsR¼`�zXW8bDNTRÁN|zXNi]|KwRMWsIphkWZPkUXIOvx`¡zXWZIOv � 
 
bdNnL\`TSoN¼`chO`8gyPkUXIOv^`i{\WsYOKc±G¸�� W8�ÊKMLONng6`8vsIfWsIQNTIfNTRwvZ�^bnLkU}z�N¼{�N¡]|WsgyNi[�[uz}UXvsL~KjzX�<zq`8RMvsNTR`¡zXWsIfv 
 
 � `8I\h � 
 ���n�dLONcz�`iKwKMNTRªUXI\hoU�]G`8KwN¡[)KwLON�`iPOP\Ni`8R�`8I\]|N^Wi�D[jLfWsRwKnz}U}�ÂNTKjUXgyNW8�Ág6`8vZIOWsI\[���bnLkUq]_L«]T`8I+{\N6`s[M[jW~]_Uq`8KMNih�bdUXKML+KwLONyz�`iRwvZNTR^[�W8�ÂKwNGIkUXIOvBW8�ÁKMLONx[jP~U�I~lobn`TSoN
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?.U�vZYORwN¼¸k� ¯ d��dLONÁRwWizXN�W8�.UXKjUXIONGRr`8I~KdN�z�N¡]|KwRMWsIx]|WZI\]|NTI~KwR�`8K�U�WZI<�ÂWsRVQ��;b W�­�f �¤·Z¸-W�­=Qo�~���� � �~±T·-W�­�Ip�¤� � ·k�
hoU�[�P\NTRr[JU�WZI�`s[Á[jLOWibnIQUXI ?ÆUXvf�)®°¸k� ¯o²r®°`V² la® {Å²��dÈ hVUXRMNi]|KÁ]|WZg<P\`iRjUq[jWZI�{\NTK�bdNGNTIx[jP~U�I~lobn`TSoNhf`8gyPkUXIOv»UXI1®J`V²¾`8Iah�® {½²D[jLOWibÁ[)KML\`8KnKMLON�LkUXvZLONTR¼hkWsPkUXIOv¬[j�f[jKwNGg�NTe~LkUX{kUXKr[dz�WibDNTRÁ[jPkUXIklb¾`TSoN�hf`8gyPkUXIOvO� ?OYORMKwLONTRMg<WZRwNo�DhO`ig<PkUXIOv+Uq[»zXWibdNTR6`¡zXWZIOv/KwLON ��
 
 hVUXRMNi]|KjUXWZI¤`s[]�WsgyP\`8RMNih�bdUXKwLQKMLONnWsKMLONTRDhVUXRwNi]�KjUXWsI\[��d�dLa`8K�RwNi[�YkzXKD[jKr`iI\hO[��ÂWsR�NTSoNTRM��g6`¡UXIxhoU�RMNi]|K�U�WZI»UXIKMLON �dRjU}zXWsYkUXIBÃTWZION^`iI\h¬Uq[ªUXI�`8vsRMNTNTgyNTI~KnbdU�KML�KMLON�NTe~P\NTRjUXgyNTI~Kr`¡zÊRMNi[jY~z�K�[|�nHJIp`shfhVUXKjUXWsI.�bDN�IOWZKwNyKwL\`iK��ÂWsRTE���� � ¸Z¸¬KMLON�zq`8RMvsN6hO`8gyPkUXIOvB`iK�KwLfN � � ®���­ �$²DP\W8UXIkKcUq[�hoU�RMNi]|K�z��]�WsIOION¡]|KwNihybdU�KMLB`^[�KwRwWZIOv6[jW8�ÂKMNTIkUXIOvyW8�Ç[jPkUXIklmbn`TSoN�hVUq[jP\NTR�[uUXWsI.� [uUXg»U}zq`8R¼bdU�KML�KMLON�RwN¡[jYkzXKWi��KMLONcPORwNGSVUXWsYa[)]rL\`8PfKwNTRG�

K�N¼hVUq[w]|Ya[w[FIfW8bt�ÂYfRwKwLfNTR�KwLONÁRwWiz�N¼W8�Ê�ÁYO{O{\`iRrh^RwNTPOY~z�[JUXWsIxWsIQKMLON¼[jPkUXIklmbn`TSoN�hf`8gyPO�UXIOvf�Y?ÆUXvf�d®J¸~� Ë ².[�LOWibÁ[$`ivo`¡UXI�[jPkUXIklmbn`TSoNnhVUq[�P�NGRr[uUXWZIx®J`V² `8Iah�hf`8gyPkUXIOv�®Â{Å²½bdU�KMLkUXI�KMLORwNTN�l{\W~hk��`8POPfRwWieVUXg6`8K�U�WZI»�ÂWZR$KMLONdNGekP\NTR�U�gyNTI~Kr`Tz¶zX��UXIkKMNTRwN¡[jKjUXIOv¼N|zXNi]|KwRMWsI�hkWsPkUXIOv E��¤� � b¾`8I\h�ÂWZRcSs`TzXYONi[�W8��fV@�WcbnLkUq]_LBz}UXN»UXI+KMLON^RwNTviUXWsI%±G�-W � f ��¸s¸-W��ÊbnLkU}z�N6bdN��\epKwLONyRwNi[�KcW8�KMLON^P\`iRr`8gyNTKMNTRr[�`s[UQ%� ·-W�­=Qm�k�%� �~�QHJI�KMLkUq[)�\vsYORMNx`x[jKMRjU DVUXIOvizX��zq`8RwvZNx[jWi�ÂKwNTI~U�IfvBW8�[�PkUXIklob¾`TSoNxhVUq[jP\NTR�[uUXWsI¤`Tz�WZIOv � 
 
 hVUXRMNi]|KjUXWZI��ÂWsRczXW8b fV@�WcUq[�IOWsK�U�]�NihÅ���dLONQN|¿½Ni]�KWi��fV@�WÁWsIBg6`8vsIfWsI�NTIONTRMvs�p`¡zXWsIfv�KwLfN�WsKMLONTRchoU�RMNi]|K�U�WZI\[)Uq[ R�`8KMLONTR�bDNi`-D½��ÀÁIBKwLfN^]|WZIO�KMRr`iRw�phO`8gyPkUXIOvp`¡zXWZIOv � 
 
 hoU�RMNi]|K�U�WZI�[jNTNGgQ[nKwWQ{\N�[uz}UXvsL~KjzX��`¡¿½Ni]|KMNih@{~�QUXI\]|RwN¡`s[uUXIOvfV@ W���bnLkU}zXN^KwLfN�hoU�g^UXIkUq[jLkUXIOv��)YO{O{a`8RrhxRwNTPfYkzq[uUXWsI�`T¿ÅN¡]|Kr[Á[uUXvsI~U¶��]T`8I~KjzX��hO`ig<PkUXIOv¬`¡zXWsIOv
 
 � `8I\h � 
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d) J =150 meV, CMn =3 nm
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